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SUMMARY 


Model  systems  similar  in  composition  to  three  types  of 
freeze-dried  foods  were  developed  and  used  in  studies  on 
the  effects  of  composition  on  the  rates  of  deteriorative 
reactions  at  55eC.  Oxidation  of  lipids  was  found  to 
proceed  most  rapidly  at  low  water  contents,  while  non- 
enzymatic  browning  and  oxidation  of  proteins  was  more 
rapid  at  elevated  water  contents.  Antioxidants  and 
chelating  agents  had  only  a  limited  effectiveness  which 
was  also  dependent  on  moisture  content.  During  studies 
on  dehydrated  systems  it  was  observed  that  hydrolysis  of 
sucrose  can  occur  even  at  low  water  contents  and  that 
the  reducing  sugars  produced  in  the  hydrolysis  undergo 
considerable  browning.  Moisture  contents  corresponding 
to  monolayer  coverage  by  water  were  generally  optimal 
in  minimizing  deteriorative  changes. 

Studies  on  actual  foods  were  limited  to  a  3-week 
storage  study  at  55°C.  At  this  relatively  high  temper¬ 
ature  non-enzymatic  browning  was  found  to  be  the  cause 
of  deterioration.  Under  these  conditions  none  of  the 
foods  were  found  to  be  satisfactory  after  storage,  and 
oxidative  changes  were  less  important  than  browning. 
Consequently,  the  over-all  quality  of  materials  packaged 
under  vacuum  showed  no  improvement  over  that  of  materials 
packaged  in  air.  Moisture  content  did  have  a  significant 
effect,  with  high  water  contents  resulting  in  more  exten¬ 
sive  deterioration. 


INTRODUCTION 


One  of  the  major  problems  in  applying  dehydrated  foods 
to  civilian  as  well  as  military  uses  is  the  sensitivity 
of  these  foods  to  non-enzymatic  changes  such  as  lipid 
oxidation  and  non-enzymatic  browning.  Formulation  of 
diets  based  on  dehydrated  foods  to  be  stored  under  ad¬ 
verse  environmental  conditions  is  complicated  by  the 
following  factors. 

1)  At  low  water  contents  lipid  oxidation  is 
greatly  accelerated,  but  attempts  to  achieve 
protection  from  oxidation  through  elevation  of 
moisture  contents  involve  the  risk  of  accelerat¬ 
ing  other  reactions. 

2)  Different  mechanisms  of  deterioration  are 
interrelated,  and  the  products  of  one  reaction 
may  affect  the  course  of  another. 

3)  Even  when  they  are  present  only  in  trace 
concentrations,  minor  components  of  foods,  such 
as  metals,  free  amino  acids,  and  others,  exert 
an  effect  on  deterioration. 

This  report  describes  studies  on  model  systems  repre¬ 
senting  key  types  of  dehydrated  foods  and  short-term 
studies  on  actual  foods.  These  studies  were  designed 
to  determine  the  effects  of  water  activity  and  of 
composition  on  deteriorative  reactions  in  dehydrated 
systems  stored  at  55°C. 


METHODS 


Model  System  Composition 

High  fat-high  protein  model  system.  Based  on  the 
values  for  the  various  cuts  of  beef  (Nutritional  Data, 
1956) ,  the  composition  shown  in  Table  1  was  chosen. 

The  lipid  components  added  were  varied  to  determine 
their  effect  on  the  over-all  oxidation  rate.  Apiezon  B, 
a  highly  saturated  hydrocarbon,  was  used  as  the  unoxidiz- 
able  lipid  component.  Methyl  oleate  has  a  low  suscepti¬ 
bility  to  oxidation;  methyl  linoleate  is  highly  suscep¬ 
tible  to  oxidation. 

The  linoleate  has  a  negligible  ash  content  (less  than 
0.1  ppm  of  either  iron,  copper,  or  cobalt).  The  egg 
albumin  has  about  50  to  60  mg  of  ash  per  gram  and  after 
ashing  of  the  model  system  the  ash  is  about  the  same, 
indicating  negligible  ash  contamination  from  the  other 
components.  The  egg  albumin  contains,  on  the  average, 
0.35  yg  of  iron  per  gram,  1.25  yg  of  copper  per  gram, 
and  negligible  cobalt.  The  amount  of  water  used  was 
that  necessary  to  form  a  uniform  paste  after  mixing. 

Low  fat-high  sugar  model  system.  Based  on  the  data 
available  for  apples  (Nutritional  Data,  1956) ,  the 
general  composition  shown  in  Table  2  was  chosen.  The 
specific  model  systems  used  in  Run  3  are  shown  in  Table 
3,  and  the  systems  used  in  Run  8  are  shown  in  Table  4. 

Potato  starch  model  system.  A  model  system  was  pre¬ 
pared  (based  on  the  composition  of  the  potato)  with  the 
following  ratios  (in  percent):  potato  starch,  45.5; 


lipid,  10.0;  protein,  4.6;  and  cellulose,  40.0. 

The  detailed  compositions  of  the  model  systems  used 
in  the  study,  which  were  based  on  the  above  general 
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composition,  are  shown  in  Tables  5  and  6. 

Model  System  Preparation 

The  system  was  mixed  by  introducing  the  solids,  such 
as  the  protein  or  sugar,  into  a  450-ml  Sorvall  Omni-Mix 
Cup  modified  with  a  screw  port  on  the  bottom,  through 
which  the  sample  may  be  extruded  into  reaction  flasks. 
The  lipid  was  then  added  drop-wise  from  a  syringe  con¬ 
comitant  to  constant  stirring  with  a  glass  rod  to  insure 
good  mixing.  The  water,  containing  water-soluble  addi¬ 
tives  such  as  the  myoglobin,  was  then  added.  The  blade 
section  of  the  cup  was  inserted  and  the  cup  was  attached 
to  the  mixer.  An  ice  bath  was  put  around  the  cup  to 
keep  the  contents  cool  and  the  system  was  mixed  for 
10  min  at  maximum  speed.  The  amount  of  water  used  was 
such  that  after  mixing  the  system  would  resemble  a 
slow-flowing  paste  which  could  easily  be  extruded  from 
a  cup.  All  model  systems  were  prepared  in  a  similar 
manner,  with  the  lipid-soluble  additives  being  mixed 
in  with  the  lipid  prior  to  addition  of  water-soluble 
additives  as  part  of  the  water. 

After  mixing,  a  plunger  was  inserted  into  the  cup  and 
2-  to  5-g  amounts  were  extruded  through  the  bottom  port 
directly  into  the  reaction  flasks.  The  flasks  were 
tared  prior  to  addition  and  weighed  to  0.01  g  after 
introduction  of  the  wet  model  system.  Specific  flasks 
were  used  for  the  manometric  studies,  UV,  peroxide  value 


browning  pigment ,  and  head-space  analysis.  Immediately 
a£ter  weighing,  the  flasks  were  placed  in  a  liquid 
nitrogen  bath. 

The  frozen  samples  were  then  placed  in  a  Vacudyne  Pilot 
Plant  Freeze- Dryer  and  dried  for  about  40  hr  at  60  to  100 
\x  Hg  and  room  temperature.  The  end  point  was  determined 
to  be  when  the  vapor  pressure  rise  of  the  chamber  was 
less  than  2  y  Hg  per  30  sec.  The  vacuum  was  broken  with 
pre-purified  nitrogen  and  the  samples  were  removed  for 
the  subsequent  tests. 

Isotherms 

Isotherms  were  prepared  at  55°C  (4-130 ° F)  using  the 
desiccator  method.  The  constant  humidity  solutions 
used  are  presented  in  Table  7,  in  which  the  data  has 
been  extrapolated  to  55°C  (Rockland,  1960) . 

The  samples  were  mixed  as  indicated  above  and  then 
were  extruded  into  25-ml  glass-stoppered  weighing  bottles. 
They  were  then  freeze-dried  and  placed  in  duplicate  into 
desiccators  containing  the  constant  humidity  solutions 
shown  in  Table  7.  After  pulling  a  vacuum  on  the  desic¬ 
cators  they  were  held  at  55°C.  After  2  days  the  samples 
were  removed  and  weighed,  then  replaced.  This  operation 
was  then  repeated  two  more  times. 

Isotherms  for  the  high  fat-high  protein  and  low  fat- 
high  sugar  model  systems  are  shown  in  Figure  1.  A  B.E.T. 
plot  of  the  data  between  activities  of  0.1  and  0.6  gave 
the  results  shown  in  Table  8. 

The  rate  of  attainment  of  equilibration  in  the  desic¬ 
cators  was  studied  for  the  high  fat-high  protein  model 
system.  It  is  necessary  to  know  this  factor  since,  in 
the  oxidation  experiments,  the  samples  must  be  pre- 


humidified  after  removal  from  the  freeze-drier.  The 
results  are  shown  in  Figure  2  for  11  and  31%  RH.  It 
can  be  seen  that  the  weight  picked  up  in  1  hr  exceeded 
the  equilibrium  value.  This  was  probably  due  to  the 
setting-up  of  a  non-equilibrium  situation  during  evacu¬ 
ation  of  the  desiccator.  During  this  time  some  pure 
water  was  boiled  off  and  deposited  on  surfaces  where 
it  yielded  an  activity  higher  than  that  in  the  solution. 

In  most  preparations  for  deterioration  studies  a  3-hr 
equilibration  period  is  used,  since  longer  periods  would 
lead  to  the  occurrence  of  extensive  reactions  prior  to 
controlled  oxidation. 

The  isotherm  for  the  potato  starch  model  is  shown  in 
Figure  3  and  the  corresponding  B.E.T.  values  are  indicated. 

Stability  Studies 

After  preparation  and  removal  from  the  freeze-drier, 
the  respective  samples  were  placed  in  desiccators  main¬ 
tained  near  dryness,  at  the  monolayer,  and  above  the 
monolayer.  The  samples  were  equilibrated  for  3  hr  at 
55°C,  removed  by  breaking  the  vacuum  with  air  at  the 
proper  relative  humidity,  and  stoppered  or  attached  to 
their  respective  Warburg  manometers.  The  samples  were 
then  analyzed  by  the  following  procedures  during  storage 
at  55°C. 

Warburg  oxygen  absorption  at  5S°C.  Duplicate  Warburg 
manometers  were  used  in  a  constant  temperature  water  bath. 

A  thermal  barometer  was  used  for  each  relative  humidity. 
Apiezon  B  was  used  as  the  manometer  fluid  to  insure 
measurement  of  very  low  rates  of  oxygen  absorption,  and 


the  data  were  calculated  using  the  standard  techniques, 
after  correcting  for  sample  volume. 

Manometric  data  were  plotted  in  the  usual  manner  as 
oxygen  absorbed  vs.  time.  In  addition,  the  square  root 
of  oxygen  absorbed  vs.  time  was  plotted  to  illustrate 
the  differences  in  rate  constants. 

Initially,  it  was  assumed  that  the  oxygen  absorption 
would  be  due  primarily  to  methyl  linoleate  and  that  the 
manometric  measurements  could  be  made  using  thermal 
barometer  control  flasks  containing  Apiezon  oil  and 
protein.  This  was  found  to  be  satisfactory  for  Run  1, 
in  which  the  only  lipid  used  was  linoleate.  In  subse¬ 
quent  runs,  however,  in  which  the  linoleate  concentration 
was  decreased,  the  amount  of  oxygen  absorbed  by  the 
protein  became  significant  with  respect  to  total  absorp¬ 
tion  because  of  the  decreased  absorption  by  the  lipid 
component . 

Furthermore,  in  contrast  to  lipid  oxidation  which, 
under  most  conditions,  decreased  with  increasing  water 
content,  the  amount  of  oxygen  absorbed  by  protein  increas¬ 
ed  with  increasing  moisture  content.  It  became  desirable, 
therefore,  to  study  oxygen  absorption  by  the  protein  in 
the  absence  of  the  lipid  in  order  to  be  able  to  calculate 
separately  the  oxygen  absorption  by  the  protein  and  by 
the  lipid.  Two  additional  runs  were  made  in  which  egg 
albumin  alone  was  oxidized  at  several  relative  humidities 
including  <0.1,  31,  40,  50,  and  60%  RH.  The  results  are 
shown  in  Figure  4.  The  rates  of  oxidation  by  the  protein 
were  found  to  be  constant  with  time,  since  the  amount  of 
oxygen  absorbed  increased  linearly  with  time.  Rates  for 
each  level  of  relative  humidity  were  obtained  by  measuring 
the  slopes  of  visually  fitted  straight  lines.  These  rates 
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were  found  to  be  (in  microliters  of  oxygen  per  (gram  of 
protein  x  hours]):  at  0.1%  RH  (dry),  0.353;  at  31%  RH, 

0.389;  and  at  the  three  highest  humidities  (40,  50,  and 
60%  RH) ,  0.684.  It  is  interesting  to  note  that  a  sharp 
transition  to  a  faster  rate  of  oxidation  by  the  protein 
occurs  at  the  monolayer  coverage  humidity  (31%  RH) .  It 
appears  that  hydration  of  the  protein  increases  its  sus¬ 
ceptibility  to  oxidation,  possibly  by  increasing  chain 
mobility  and  exposure  of  oxidizable  side  chains. 

In  order  to  use  this  data  to  calculate  the  oxygen 
absorption  due  to  the  lipid  fraction  the  following 
analysis  was  used.  The  cumulative  change  in  volume  of 
gas  space  of  the  sample  under  study  was  measured  40  to 
50  times  during  the  course  of  a  run.  The  empty  thermal 
barometer  flasks  were  used  to  correct  external  pressure 
and  temperature  fluctuations.  The  flask  constant  was 
calculated  for  each  sample  flask  according  to  Equation  1. 

*  V_  =Joi1iVi103  =  7i  10~2V  (1) 

°2  PG 

T0  =  273°K 

T^  =  run  temperature  =  328°K 

PD  =  1  atm  of  manometer  fluid  *  11,880 
V  =  flask  volume  less  the  sample  volume  in  cc 

-  vf  “  I 

This  flask  constant  was  then  multiplied  by  the  corrected 
Warburg  manometer  reading  for  each  time  period  to  get 
the  amount  of  oxygen  absorbed  over  this  period  of  time, 
as  shown  in  Equation  2. 


weight  of  lipid  .  weight  of 

“A  1  A  A  "  T  ■  V  AJ 


jrotein. 


Ul  02 absorbed  (STP) 
Amm  manometer  reading 
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total 


Amm  x  1  x  10“2  x  V 


(2) 


(AV02* total 


Amm 


total  oxygen  Cin 
microliters}  absorbed 
during  a  given  time 
interval 

change  in  manometer 
reading  with  respect 
to  thermal  barometer 
reading 


The  cumulative  oxygen  absorption  at  a  given  time  was 
obtained  by  slimming  the  oxygen  absorbed  during  all  of 
the  preceding  time  intervals.  The  cumulative  oxygen 
absorption  was  then  divided  by  the  dry  sample  weight 
to  obtain  the  microliters  of  oxygen  absorbed  per  gram 
of  sample.  This  was  then  presented  graphically  as 
microliters  oxygen  per  gram  of  sample  vs.  time. 

The  oxygen  absorbed  by  the  protein  was  then  calculated 
using  the  rates  derived  from  the  results  shown  in  Figure  4. 
To  obtain  the  amount  absorbed  by  protein  at  0.1%  RH  (dry), 
for  instance.  Equation  3  was  used. 


t 

o^V°2^ protein 


(0.353) (t) (W 


protein 


) 


(3) 


(V  ) 

02  protein 


microliters  oxygen 
absorbed  by  protein 


t  =  time  in  hours 


w 

protein 


weight  in  grams  of 
the  protein  in  the 
sample 


This  value  was  then  subtracted  from  the  cumulative  total 
oxygen  absorbed  at  each  value  of  time  to  give  the  amount 
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of  oxygen  absorbed  by  the  lipid.  Assuming  that  methyl 
linoleate  is  the  only  lipid  component  absorbing  oxygen, 
oxygen  absorption  by  the  linoleate  was  calculated  using 
Equation  4. 


Hi  = 
g 


(4) 


W.  .  =  weight  in  grams  of  the 

linoleate  in  the  sample 


In  order  to  simplify  these  calculations,  a  modified 
Fortran-FAP  computer  program  was  written  and  the  results 
were  calculated  using  a  DEC-PDP-8S  digital  computer. 

This  program  was  also  set  up  to  calculate  other  derived 
parameters  characterizing  the  kinetics  of  oxidation. 

Square  root  plots.  As  was  shown  in  the  first  quarterly 
report,  under  certain  conditions  a  plot  of  the  square 
root  of  the  oxygen  absorbed  vs.  time  gives  a  straight 
line  whose  slope  is  proportional  to  the  rate  of  oxidation. 

This  occurs  in  the  early  stages  of  oxidation  when  the 
rate  is  proportional  to  the  monomolecular  decomposition 
of  the  formed  hydroperoxides.  Under  these  conditions 
the  rate  of  oxidation  is 

-  =  d  (RQ?*H  =  k  (M)  ^  (RH)  (ROOH)1*  (5) 

O2  =  oxygen  absorbed 
ROOH  =  hydroperoxide  content 

M  =  trace  metal  catalyst  content 
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RH  =  substrate  concentration 
k  =  rate  constant 


When  catalyst  inactivation  and  substrate  depletion 
are  assumed  to  be  small  the  over-all  monomolecular  rate 
constant  Km  is 

Km  =  k  (M)**(RH)  (6) 


Under  these  conditions,  integrating  the  first  equation 
gives 


(O2)15  =  (ROOH)*5  =  ^t 


(7) 


Thus,  a  plot  of  the  square  root  of  oxygen  absorbed  vs. 
time  should  give  a  straight  line.  It  has  also  been  found 
that  the  magnitude  of  Km  is  a  function  of  the  moisture 
content  (Maloney  et  al.  ,  1966)  with  a  decreasing  value 
as  the  equilibrium  humidity  is  increased.  This  has  been 
explained  as  being  due  both  to  inactivation  of  the  trace 
metals  present  and  to  hydrogen  bonding  of  hydroperoxides 
with  water  to  prevent  them  from  further  reaction. 


Initial  extent  of  oxidation.  The  initial  extent  of 
oxidation  was  measured  by  extracting  a  sample  at  each 
humidity  with  a  known  amount  of  chloroform smethanol  (3:1), 
filtering  the  solution,  and  measuring  the  optical  density 
at  233  my  on  a  Hitachi-Perkin-Elm^r  Spectrophotometer. 

The  extent  of  oxidation  was  then  calculated  from  the 
following  formula. 


OP ( 233) 

moles  oxygen  absorbed  _  mg  lipid  per  cc 
moles  oxidizable  lipid*  J  79.64 


0.088 


(8) 


* 


Methyl  linoleate. 


. . .  .11 
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In  the  cases  where  Apiezon  B  was  used  as  part  of  the 
lipid  phase,  the  initial  extent  of  oxidation  could  not 
be  determined  by  UV  analysis  because  of  the  high  chromo- 
phore  content  of  the  oil.  In  these  cases  the  initial 
oxidation  was  assumed  to  be  negligibly  small. 

Lipid  extraction.  For  each  model  system  prepared, 
duplicate  samples  were  extracted  with  a  suitable  solvent 
system  in  order  to  determine  the  lipid  content.  This 
figure  was  then  used  to  determine  the  lipid  content  of 
all  other  samples  prepared  in  that  batch.  For  the  model 
systems  described  above  the  method  was  the  following. 

Eighty  cubic  centimeters  of  chloroform :methanol  (3:1) 
were  added  to  a  sample  which  was  then  shaken  for  1  hr  on 
a  rotary  shaker.  It  was  then  filtered  through  a  Buchner 
funnel  into  a  pre-tared  24/40  150-ml  flask  to  remove  the 
solids  and  the  filter  cake  was  washed  with  additional 
solvent.  After  removing  the  solvent  on  a  rotary  evapor¬ 
ator  (50°C,  30"  Hg,  1  hr)  ,  the  remaining  lipid  was  weighed. 
The  average  extraction  value  was  used  for  all  subsequent 
calculations . 

Moisture  content.  Duplicate  samples  from  each  desic¬ 
cator  were  used  for  moisture  determination  by  measurement 
of  the  equilibrium  vapor  pressure,  using  either  a  high 
sensitivity  manometric  system  or  a  sensitive  method  based 
on  gas  chromatography,  as  described  below. 

Twenty  milliliters  of  dry  methanol  were  added  to  the 
sample  in  a  50-ml  stoppered  Erlenmeyer  flask  and  shaken 
for  \  hr.  A  suitable  sample  (500  to  1000  yl)  was  taken 
with  a  syringe  and  injected  into  a  Perkin-Elmer  Gas 
Chromatograph  equipped  with  a  thermal  conductivity 
detector  at  100°C.  The  column  was  6'  x  V  copper 
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tubing  packed  with  Poropak  Q  and  the  gas  was  helium  at 
40  cc  per  min.  A  standard  was  made  by  adding  1  cc  water 
to  49  ml  of  the  methanol  used  for  the  determination. 

Standard  techniques  were  used  for  measurement  of  peak  areas. 

Browning  pigment e .  The  method  for  determination  of  the 
non-enzymatic  browning  pigments  formed  is  presented  below 
(modified  from  Choi  et  al.  ,  1949). 

Two  grams  of  dry  material  were  dispersed  in  20  cc  of 
distilled  water.  Two  and  five-tenths  milliliters  of  a 
10%  trypsin  suspension  were  then  added.  (The  trypsin 
suspension  must  be  prepared  just  minutes  before  each 
analysis.)  After  incubation  at  45°C  for  1  hr,  2  ml  50% 

TCA  and  0.1  g  Celite  (analytical  filter  aid)  were  added. 
After  mixing  and  filtering,  the  percent  transmission  at 
400  my  was  measured,  setting  the  enzyme  blank  at  100%  T. 

The  results  were  reported  as  (OD  per  gram  of  sample)  x 
100  in  order  to  put  all  samples  on  an  equal  basis  for 
comparison. 

The  trypsin  procedure  described  above  was  found  to  be 
unnecessary  in  some  runs,  in  which  the  2  g  of  dry  material 
were  extracted  only  with  10  ml  of  water  plus  10  ml  of 
methanol  and  the  optical  density  was  measured  at  400  my. 

Fluoreeoent  browning  pigments .  The  material  was 
extracted  in  the  same  manner  as  was  used  for  the  optical 
density  measurement  of  browning  pigments.  From  this 
solution  200  yl  were  spotted  on  a  cellulose  thin-layer 
plate  and  dried.  The  spot  was  then  eluted  with  propanol: 
water  (95:5,  v/v)  and  fluorescence  was  detected  by 
observing  the  plate  in  a  dark  room  under  a  short-wave 
UV  lamp. 
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Reducing  sugars.  The  dried  model  system  was  extracted 
with  25  ml  water  for  \  hr  and  filtered  under  vacuum  to 
remove  the  insoluble  components.  Five  milliliters  of 
solution  were  removed  and  diluted  to  20  ml  in  a  125-ml 
flask.  To  this  solution  10  ml  of  Reagent  A*  were  added 
along  with  a  boilezer.  This  was  then  heated  over  a  flame, 
brought  to  boiling  in  exactly  2  min,  and  then  boiled  for 
an  additional  5  min.  The  flask  was  cooled  rapidly  under 
cold  tap  water  and  10  ml  each  of  Reagents  B  and  C*  were 
added.  The  solution  was  then  titrated  with  0.1  N  sodium 
thiosulfate  using  starch  indicator  for  the  end  point.  A 
water  blank  was  used  as  the  correction  factor  and  a  cali¬ 
bration  curve  was  prepared  with  equal  amounts  of  glucose 
and  fructose.  On  this  basis  1  meq  of  thiosulfate  (meq  blank 
minus  meq  sample)  equals  33  mg  of  reducing  sugar  as  glucose. 
The  percent  hydrolysis  is  then  the  amount  of  glucose  deter¬ 
mined  per  milliliter  divided  by  the  amount  of  sucrose 
originally  present  times  1.9  to  convert  to  a  molar  basis. 

Glucose  oxidase  procedure .  The  Glucostat  procedure  of 
the  Worthington  Biochemical  Corporation  was  employed  in 
Run  3.  In  this  test  glucose  oxidase  reacts  with  the  glucose 
present  to  form  hydrogen  peroxide.  This  in  turn  oxidizes 
a  chromogen  dye  which  can  be  measured  at  400  my.  This 
test  was  not  used  for  Run  8  since  other  data  (Schobell, 

T.,  Tannenbaum,  S.  R. ,  and  Labuza,  T.  P.  Unpublished 
data,  M.I.T.,  1967)  indicate  that  it  is  unreliable  for 
supersaturated  sugar  systems  such  as  the  dry  model. 

*  Reagent  A:  CuSOi*,  30  g;  Na2P04 ,  90  g;  KNa  tartrate, 

225  g;  KIO3,  1-75  g;  water  to  1  liter. 

Reagent  B:  KI,  90  g;  koxalate,  90  g;  water  to  1  liter. 

Reagent  C:  H2SO4,  59  ml;  water  to  1  liter. 
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Procedure  for  peroxide . *  For  dried  samples  containing 
between  2.5  and  5.0  g  of  material,  the  sample  was  shaken 
with  60  cc  of  a  mixture  of  chloroform: methanol  (3:1)  for 
10  min,  then  filtered  into  glass-stoppered  flasks.  The 
solvent  was  evaporated  in  a  flash  evaporator,  breaking 
with  nitrogen  at  the  end  of  the  process.  The  lipid 
remaining  in  the  flask  was  weighed  and  10  ml  of  a  mixture 
of  glacial  acetic  acid: chloroform  (3:2)  was  then  added 
and  dissolved.  Five-tenths  of  a  milliliter  of  potassium 
iodide  (saturated  solution)  was  added.  (This  solution 
must  be  prepared  just  minutes  before  each  analysis.) 
Exactly  2  min  after  the  addition  of  the  potassium  iodide 
10  ml  of  distilled  water  were  added  and  the  liberated 
iodine  was  titrated  with  0.01  N  sodium  thiosulfate  solu¬ 
tion.  To  observe  the  end  point  1  ml  5%  starch  solution 
must  be  added  to  the  system  before  the  titration.  The 
end  point  is  indicated  by  disappearance  of  the  blue 
color. 

Calculation  in  milliequivalents  per  kilogram  of 
lipid: 

PV  =  x  1000  a  ml  Na2S2C>3 

weight  of  lipid 

To  convert  to  microliters  oxygen  absorbed  per  gram  of 
methyl  linoleate  the  peroxide  value  is  multiplied  by 
11.2. 

In  the  case  of  high  sugar  systems  containing  oil, 
extraction  procedures  normally  used  in  preparation  for 
peroxide  tests  could  not  be  used,  and  the  peroxides  were 
estimated  using  a  thin-layer  chromatography  procedure 
described  below. 


*  Modified  from  the  A.O.C.S.  method. 


(9) 
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One-millimeter  thick  Silica  Gel-G  plates  were  prepared 
and  dried  at  60°C  for  1  hr.  Twenty  cubic  centimeters  of 
methanol  were  added  to  the  sample  to  be  studied  in  a  50-ml 
Erlenmeyer  flask  and  shaken  for  1  hr.  Five  microliters  of 
the  sample  suspension  in  methanol  were  then  spotted  on  the 
plate,  and  the  components  separated  using  a  95:5  hexane- 
methanol  liquid  phase  mixture.  When  the  solvent  front 
was  near  the  top  of  the  plate,  the  plate  was  dried  at 
60°C,  and  then  the  spots  were  visualized  by  iodine  vapor 
and  subsequently  permanently  fixed  in  a  sulfuric  acid 
spray.  In  this  system  the  unoxidized  methyl  esters  move 
to  the  top  of  the  solvent  front,  peroxides  to  about  1/3 
of  that  distance,  and  more  polar  compounds  stay  at  the 
origin. 

Metal  analyses.  The  ashing  technique  and  procedures 
for:  iron  using  1-10-o-phenanthroline;  copper  using 
sodium  diethyl  dithiocarbamate;  and  cobalt  using  Nitroso- 
R-salt  were  standard  techniques  taken  from  Sandell  (1950) . 

Amino  acid  degradation.  In  Run  5  histidine  was  added 
to  the  model  system  in  order  to  study  its  effect  on  oxi¬ 
dation  rates.  In  order  to  measure  degradation  of  the 
histidine  during  the  oxidation,  a  thin-layer  chromatogra¬ 
phic  procedure  similar  to  that  for  peroxide  determination 
was  used,  with  the  following  modifications.  The  solvent 
system  for  developing  the  plates  was  butanol: acetone :water 
(25:6:25)  and  the  plates  were  sprayed  with  a  solution  of 
300  mg  1, 2, 3-triketohydrindene  hydrate  per  100  ml  butanol: 
acetone  (97:3). 

Head-epaoe  analysis .  A  gas  chromatographic  procedure 
(Karel  et  al» ,  1963)  was  used  for  the  determination  of 
oxygen  consumption  and  carbon  dioxide  production. 
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RESULTS  AND  DISCUSSION 


High  Fat-High  Protein  Model  Systems 

Run  1.  The  initial  stability  test  performed  was  on 
the  high  fat-high  protein  model  system.  In  this  case 
the  lipid  consisted  entirely  of  twice-distilled  methyl 
linoleate  having  an  initial  extent  of  oxidation  of  0.536% 
(410  yl  oxygen  per  gram) .  A  single  model  system  was  made 
which,  after  freeze-drying,  was  equilibrated  to  0,  11, 
and  31%  RH. 

The  Warburg  manometer  samples  were  run  in  duplicate, 
and  the  over-all  results  for  oxygen  absorbed  are  presented 
in  Figure  5.  As  shown  in  this  figure,  the  rates  of  oxida¬ 
tion  were  very  rapid  and  greatly  exceeded  those  previously 
observed  in  a  cellulose-linoleate  system.  This  indicates 
that  myoglobin  is  a  very  effective  catalyst  even  though 
the  amount  of  iron  added  by  its  addition  is  less  than 
0.2  ppm.  The  protein  surface  may  also  be  favorable  to 
a  more  rapid  rate. 

Also,  it  can  be  seen  that  the  humidification  did  signi¬ 
ficantly  reduce  the  oxidation  rate.  This  was  similar  to 
the  results  found  by  Maloney  et  al.  (1966)  for  cellulose 
model  systems.  The  effect  of  humidification  can  also  be 
illustrated  by  plotting  the  square  root  of  oxygen  absorbed 
vs.  time.  In  this  type  of  plot  the  slope  is  proportional 
to  the  over-all  rate  constant  during  the  initial,  mono- 
molecular  phase  of  oxidation.  Figure  6  shows  that  the 
slopes  for  the  humidified  samples  are  slightly  less;  the 
break  point  from  the  initial  straight  line  position  occurs 
at  a  higher  value  for  the  11%  RH  sample  than  for  the  dry 
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sample  and  even  extends  off  the  figure  for  the  31%  RH 
sample.  This  indicates  that  the  monomolecular  period 
is  prolonged.  These  results  support  the  work  of  Maloney 
et  al.  (1966)  and  Labuza  et  al.  (1966)  ,  in  which  it  was 
found  that  a  similar  situation  existed  for  cellulose 
model  systems.  The  results  were  explained  by  the  hypoth¬ 
esis  that  the  formed  hydroperoxides  were  being  tied  up 
by  hydrogen  bonding  at  the  water- lipid  interfaces  and 
that  the  catalysts  present  were  partially  deactivated 
by  hydration  with  water. 

The  manometric  results  were  not  carried  any  further 
because  the  rates  became  too  rapid  for  accurate  measure¬ 
ments.  The  UV  value  used  to  calculate  the  initial  extent 
of  oxidation  is  shown  in  Table  9.  This  calculation  was 
performed  on  the  samples  after  removal  from  the  desiccators. 
The  values  are  lower,  for  all  samples,  than  that  of  the 
methyl  linoleate  prior  to  preparation  of  the  model  system. 
This  may  indicate  either  that  a  portion  of  the  hydroper¬ 
oxides  were  tied  to  the  protein  and  became  unextractable 
or  that  the  protein  surface  catalyzed  their  decomposition 
during  the  preparative  procedure. 

The  data  for  peroxide  value  are  also  shown  in  Table  9. 

The  initial  oxidation  values  are  about  1%  to  2  times 
higher  than  those  found  by  UV,  which  may  be  due  to  the 
fact  that  the  samples  had  to  be  held  in  the  freezer  for 
12  hr  before  the  analysis  could  be  performed.  The  results 
of  peroxide  tests  as  a  function  of  moisture  content  showed 
the  same  effect  as  was  shown  by  the  manometric  data  at  a 
higher  level  of  oxidation,  and  they  indicate  that  the 
method  may  be  useful  as  an  index  of  deterioration  in  this 
study. 

The  results  of  oxygen  concentration  in  the  head  space 
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(also  presented  in  Table  9)  were  similar  to  those  which 
were  observed  for  peroxide  values  and  from  the  manometers. 
The  dry  and  11%  RH  samples  oxidized  most  rapidly  and  the 
31%  RH  sample  showed  an  inhibited  rate  of  oxidation  which 
is  an  indication  of  the  protective  effect  of  water. 

The  results  of  tests  related  to  non-enzymatic  browning 
are  shown  in  Table  10.  Although  the  system  contained  no 
reducing  sugars,  the  production  of  both  brown  color  and 
carbon  dioxide  indicates  that  some  browning  took  place. 
This  may  be  due  to  reactions  of  the  aldehydes  and  ketones 
which  are  formed  as  products  of  oxidation  and  can  react 
with  the  protein  in  the  presence  of  water.  The  results 
also  show  a  faster  rate  in  the  highest  humidity  sample. 

Hun  2.  Three  model  systems  were  prepared;  their  compo¬ 
sitions  are  described  in  Table  11.  Each  was  divided  into 
three  lots  and  humidified  to  0,  31,  and  50%  RH,  values 
corresponding  to  water  contents  respectively  below,  at, 
and  above  the  monolayer. 

The  antioxidants  were  added  as  follows. 

Butylated  hydroxy  toluene  -  One-tenth  gram  was 
dissolved  in  10  g  Apiezon  B  oil.  Five  grams  of 
this  solution  were  added  as  part  of  the  lipid  to 
the  system,  giving  a  concentration  of  1.6  x  10"3 
moles  per  mole  of  linoleate. 

Propyl  gallate  -  One-tenth  gram  was  dissolved 
in  100  ml  water.  Five  milliliters  of  this  solu¬ 
tion  were  added  as  part  of  the  water  to  give  a 
concentration  of  1.65  x  10“ 3  moles  per  mole  of 
linoleate. 

Butylated  hydroxy  toluene  is  a  lipid-soluble  antioxi¬ 
dant.  Propyl  gallate  is  a  water-soluble  antioxidant. 
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Both  were  added  at  a  level  which  has  been  found  to  be 
effective  in  dry  cellulosic  model  systems  (Karel  et  al.  , 
1966) ,  and  this  concentration  is  at  the  maximum  allowable 
level  prescribed  by  the  United  States  Food  and  Drug 
Administration  (50  ppm  on  a  dry  weight  basis  for  dried 
cereals) . 

Total  oxygen  absorption  is  shown  in  Figures  7,  8,  and 
9.  The  rate  of  oxygen  absorption  is  relatively  low, 
probably  because  of  the  low  concentration  of  linoleate 
in  the  system.  As  would  be  expected,  oxygen  absorption 
by  the  protein  increases  with  increasing  relative  humidity. 
When  this  data  is  considered  in  analyzing  the  total  oxygen 
absorption  (Figures  7,  8,  and  9)  it  is  evident  that  in 
Run  2,  in  which  linoleate  concentration  was  low,  up  to 
80%  of  the  oxygen  was  absorbed  by  the  protein. 

The  effects  of  antioxidants  and  of  relative  humidity 
on  the  lipid  omponent  oxidation  are  evident  from  the 
data  presented  in  Table  12,  in  which  the  calculated 
oxygen  absorption  attributable  to  the  linoleate  is  pre¬ 
sented  for  the  different  experimental  conditions.  The 
following  effects  were  seen. 

Humidification  to  31%  RH  substantially  reduced  the 
oxygen  absorption  by  the  control,  whereas  at  50%  RH  the 
absorption  was  increased.  The  effect  at  50%  RH  was 
unexpected  and  may  have  been  due  to  interactions  with 
protein  oxidation  products  or  to  increased  mobility  of 
some  prooxidants. 

Propyl  gallate  was  an  effective  antioxidant,  especially 
at  high  humidities. 

Butylated  hydroxy  toluene  showed  antioxidant  activity, 
with  a  less  synergistic  effect  with  water,  than  was 
apparently  the  case  with  propyl  gallate.  With  butylated 
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hydroxy  toluene,  too,  an  initial  prooxidant  effect  was 
observed,  as  is  frequently  the  case  with  some  antioxi¬ 
dants. 

Table  13  presents  the  peroxide  value  measurements  for 
Run  2,  expressed  as  milliequivalents  of  oxygen  absorbed 
per  kilogram  of  linoleate.  On  the  basis  of  total  lipid 
the  values  should  be  divided  by  10.  As  in  the  case  of 
food  systems  the  values  show  no  clear  trend  of  an  increase 
with  time  in  proportion  to  the  amount  of  oxygen  absorbed. 

For  cellulosic  model  systems  a  direct  correlation  of 
peroxide  value  to  oxygen  absorption  has  been  found 
(Martinez  and  Labuza,  1966) .  For  each  moisture  content 
the  peroxide  value  of  the  control  sample  increased  to  a 
maximum  and  then  decreased.  The  butylated  hydroxy 
toluene  samples  at  31  and  50%  RH  began  at  a  high  value 
and  then  decreased  whereas  the  dry  sample  varied  extensively. 
The  propyl  gallate  samples  did  not  very  extensively.  It 
seems  reasonable  that,  at  least  for  this  system  where 
the  total  amount  of  lipid  oxidation  is  small,  measurement 
of  peroxide  value  is  not  a  good  indicator  for  comparison 
of  the  various  treatments. 

Table  14  presents  the  data  for  non-enzymatic  browning 
reactions  as  measured  by  carbon  dioxide  and  brown  pigment 
production.  The  small  amount  of  carbon  dioxide  produced 
and  the  negligible  increase  in  color  show  that  for  this 
type  of  system,  in  which  oxidation  is  very  slow,  the 
extent  of  non-enzymatic  browning  is  small  even  at  the 
higher  moisture  contents. 

Run  4.  The  conditions  of  Run  4  (compositions  described 
in  Table  15)  differed  from  those  in  Run  2  primarily  in 
two  respects. 
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1)  Concentration  of  linoleate  was  increased 
to  30%  of  the  total  lipid. 

2)  Cobalt  nitrate  was  used  as  the  catalyst 
at  a  concentration  higher  than  that  used  with 
myoglobin  (about  100  times  greater  concentra¬ 
tion  of  metal  on  a  molar  basis)  . 

Total  oxygen  absorption  data  are  presented  in  Figures 
10,  11,  and  12.  As  one  would  expect  on  the  basis  of  the 
conditions  described  above,  the  rate  of  oxidation  is  much 
greater  than  that  in  Run  2,  and  the  percentage  of  the 
absorption  attributable  to  the  protein  is  much  less  (10 
to  20%  of  the  total) .  The  shape  of  the  absorption  curves 
in  this  run  is  more  typical  of  the  lipid  oxidation  chain 
reaction  than  in  Run  2,  in  which  protein  oxidation  domi¬ 
nated  the  kinetic  behavior.  The  data  on  oxygen  absorption 
attributable  to  the  linoleate  are  presented  in  Table  16. 
The  following  effects  of  composition  and  humidification 
on  lipid  oxidation  were  evident. 

Humidification  had  a  substantial  antioxidant  effect, 
probably  due  to  inactivation  of  the  catalyst.  Humidifi¬ 
cation  to  the  monolayer  value  (31%  RH)  appeared  more 
effective  in  this  respect  than  humidification  to  a  higher 
level . 

Propyl  gallate  was  effective  at  all  humidities,  but  it 
was  most  effective  at  the  monolayer  value  (31%  RH)  . 

Butylated  hydroxy  toluene  showed  an  effect  which  was 
similar  in  all  respects  to  that  of  propyl  gallate. 

The  major  difference  between  Runs  2  and  4  with  respect 
to  the  behavior  of  the  antioxidants  was  the  following. 

In  Run  2  propyl  gallate  was  very  much  more  effective 
than  butylated  hydroxy  toluene  when  the  samples  were 
oxidized  at  increased  humidities,  whereas  in  Run  4  both 


-26- 


were  equally  effective.  Whether  this  difference  was  due 
to  differences  in  the  catalyst  used  or  to  the  difference 
in  linoleate  concentration  is  at  present  unknown.  The 
synergistic  effect  of  humidification  and  antioxidant, 
however,  was  observed  under  all  conditions. 

The  progress  of  oxidation  was  also  followed  by  two 
additional  techniques  :  oxygen  analysis  in  head  space  of 
reaction  flasks  (Table  17)  and  peroxide  value  determina¬ 
tions  (Table  18) .  The  head-space  analysis  was  too  vari¬ 
able  to  allow  specific  conclusions.  The  peroxide  values, 
however,  confirmed  the  manometric  data  discussed  previously. 

As  was  discussed  in  previous  reports,  measurements  of 
optical  density  of  aqueous  extracts  from  the  system  and 
of  carbon  dioxide  concentration  in  the  head  space  give 
information  on  progress  of  non-enzymatic  browning.  The 
data  for  Run  4  are  presented  in  Tables  19  and  20.  In 
the  systems  studied  in  Run  4  browning  did  not  appear  to 
be  very  significant,  as  evidenced  by  the  lack  of  signifi¬ 
cant  increases  in  either  optical  density  or  carbon  dioxide. 
In  the  case  of  samples  containing  propyl  gallate,  some 
carbon  dioxide  appears  to  have  been  produced  during  the 
steps  preceding  oxidation  experiments,  but  there  is  no 
significant  carbon  dioxide  evolution  during  the  oxidation 
experiment. 

Run  5.  In  Run  5  the  effects  of  the  cobalt  catalyst, 
of  the  amino  acid  histidine,  and  of  the  metal  chelating 
agent  EDTA  were  studied.  In  contrast  to  previous  runs, 
control  samples  containing  no  catalyst  were  used.  The 
compositions  of  the  systems  are  shown  in  Table  21.  The 
experiment  was  designed  to  study  the  progress  of  oxidation 
at  0%  RH,  at  the  monolayer  value  for  water  (31%  RH),  and 


at  z  humidity  auove  the  monolayer  value  (40%  RH)  .  Due 
to  mechanical  failure  in  the  oxidation  bath,  no  manometric 
oxygen  absorption  data  could  be  obtained  for  the  dry 
system.  The  data  for  the  other  two  humidity  levels  are 
shown  in  Figures  13,  14,  15,  16,  17,  and  18.  These 
figures  present  the  total  oxygen  absorption,  which  was 
substantially  higher  than  in  Run  4  due  to  the  increased 
concentration  of  linoleate  in  the  lipid  phase  (40%) . 

The  contribution  of  oxygen  absorption  by  protein  to  the 
total  oxygen  absorption  was  less  than  10%.  The  oxygen 
absorption  attributable  to  the  linoleate  oxidation  is 
shown  in  Table  22.  The  following  effects  were  observed. 

In  the  absence  of  added  cobalt,  increase  in  humidifica¬ 
tion  to  above  the  monolayer  value  decreased  the  rate  of 
oxidation.  This  might  be  expected  if  hydrogen  bonding 
between  peroxides  and  water  is  the  predominant  mechanism 
of  water  activity. 

Samples  containing  cobalt  as  the  only  additive  showed 
results  similar  to  those  seen  in  Run  4,  with  31%  RH  more 
inhibitory  to  oxidation  than  40%  RH.  At  31%  RH  the  pro¬ 
oxidant  effect  of  cobalt  appears  to  be  completely  elimi¬ 
nated. 

Histidine  alone  or  in  combination  with  cobalt  was  very 
effective  in  reducing  the  rate  of  oxidation  at  31%  RH. 

At  40%  RH  cobalt  plus  histidine  had  some  antioxidant 
activity,  but  histidine  alone  was  ineffective. 

EDTA  alone  showed  effects  similar  to  those  observed 
with  histidine  alone,  possibly  indicating  that  both  act 
as  trace  metal  chelators. 

EDTA  in  the  presence  of  cobalt  reduced  the  prooxidant 
activity  of  the  cobalt,  but  this  combination  did  not  show 
the  very  strong  antioxidant  activity  observed  with  the 
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cobalt-histidine  system. 

Some  data  on  peroxide  values  were  obtained  and  are 
presented  in  Table  23.  The  number  of  samples  was 
too  small  to  allow  quantitative  analysis,  but  certain 
conclusions  based  on  the  manometric  data  appeared  to 
be  confirmed  by  the  peroxide  values. 

Thin- layer  chromatography  showed  development  of 
peroxides  in  all  the  samples.  Thin-layer  chromatography 
of  the  histidine  samples  showed  no  observable  spots. 

This  was  due  either  to  complete  histidine  degradation 
or  to  the  fact  that  histidine  may  have  been  tied  up  by 
the  lipid  or  protein  fraction. 


Low  Fat-High  Sugar  Model  Systems 

Run  3.  Two  model  systems  were  prepared  and  are 
described  in  Table  3.  A  third  system  of  100%  glucose 
was  also  prepared.  However,  due  to  the  high  adsorption 
of  water  by  glucose,  a  glassy  hard  system  formed  which 
became  impossible  to  extrude  in  the  normal  manner. 

As  mentioned  previously,  because  extraction  of  the 
lipid  in  these  systems  was  difficult  oxidation  was 
measured  by  thin-layer  chromatography  for  presence  of 
hydroperoxides.  Samples  from  each  system  were  taken 
at  0,  4,  7,  13,  and  29  days.  No  spots  other  than  methyl 
oleate  were  present,  indicating  that  oxidation  may  not 
be  an  important  factor  in  these  systems. 

The  extent  of  browning  as  a  function  of  time  is 
presented  in  Figure  19  for  the  100%  sucrose  model  system 
and  in  Figure  20  for  the  50:50  glucose-sucrose  system. 
Theoretically,  no  browning  should  take  place  if  a  non¬ 
reducing  sugar  such  as  sucrose  is  used,  but,  as  can  be 
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seen,  there  was  a  definite  rate  of  color  increase.  This 
indicates  that  reducing  type  groups  were  available  either 
from  the  protein,  from  oxidation  of  the  lipid  (shown 
above  to  be  negligible) ,  or  from  hydrolysis  of  sucrose. 

In  order  to  determine  whether  sucrose  hydrolysis  had 
actually  taken  place  the  following  tests  were  made  on 
the  model  systems. 

Reducing  sugar  test.  If  all  the  reducing  sugar  esti¬ 
mated  by  this  test  came  from  hydrolysis  of  sucrose,  one- 
half  of  it  could  be  expressed  as  glucose  and  is  so  reported 
in  Table  24.  It  should  be  noted,  however,  that  this  test 
may  also  estimate  other  reducing  groups  such,  for  instance, 
as  may  be  present  after  subsequent  browning  of  any 
liberated  glucose  or  fructose. 

Glucose  oxidase  test.  This  test  is  an  enzyme-based 
test  specific  for  glucose  only.  The  results  tabulated 
in  Table  24  show  that  some  hydrolysis  of  sucrose  occurred 
in  the  model  systems.  Furthermore,  it  shows  that  at 
high  moisture  contents  the  amount  of  reducing  sugars 
was  greater  than  would  be  expected  on  the  basis  of  the 
glucose  oxidase  test.  This  result  suggests  that  a 
significant  part  of  the  hydrolysis  products  of  sucrose 
underwent  further  reactions,  probably  due  to  non-enzymatic 
browning. 

These  results  show  the  importance  of  moisture  in 
controlling  non-enzymatic  browning  and  hydrolysis  on 
non-reactive  sugars. 

The  results  of  head-space  analysis  are  presented  in 
Table  25.  Although  extremely  variable,  they  seem  to 
coincide  with  the  browning  data. 
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Run  8.  In  Run  8  the  effects  of  composition  were 
studied  on  the  stability  of  a  high  sugar  system  simulating 
products  such  as  orange  juice  powder  or  apple  sauce. 

The  compositions  of  the  three  systems  tested  are  presented 
in  Table  4.  This  case  differed  from  Run  3  in  that  no 
lipid  was  used  and  sucrose  was  the  only  carbohydrate 
present.  Table  4  also  presents  the  moisture  contents 
at  the  three  relative  humidities  used. 

The  extent  of  browning  can  be  seen  in  Figures  21,  22, 
and  23,  respectively,  for  each  system.  It  is  obvious 
that  sucrose  alone  (without  any  acid  being  present)  does 
not  brown.  As  shown  in  Figure  22,  in  the  presence  of 
acid  significant  browning  occurred  even  at  0%  RH,  which 
is  well  below  the  monolayer.  The  protein  added  to  the 
system  (Figure  23)  seemed  to  act  as  a  buffer.  It  com¬ 
pletely  prevented  browning  at  0%  RH  and  slowed  it  down 
at  31  and  75%  RH  to  below  that  of  the  dry  samples  without 
protein.  This  phenomenon  may  have  been  due  either  to 
the  buffering  action  of  the  protein  or  to  its  water¬ 
binding  capacity. 

As  was  seen  in  Run  3,  sucrose  hydrolysis  occurred, 
producing  the  necessary  reducing  groups  for  browning; 
this  occurred  even  at  the  low  relative  humidities.  In 
Table  26  the  results  of  sucrose  hydrolysis  for  Run  8  are 
shown.  As  expected,  they  seem  to  parallel  the  browning 
data.  In  addition,  even  in  the  dry  state  in  System  II 
(Table  4)  appreciable  hydrolysis  can  be  seen.  It  is 
obvious  from  these  data  that  the  dehydrated  system  was 
not  entirely  inert  and  that  the  water  present  allowed 
acid  hydrolysis  followed  by  browning  to  occur.  Table  27 
contains  the  data  for  the  carbon  dioxide  product,  which 
also  confirms  the  above  conclusion. 


Run  10.  In  Run  10  the  hydrolysis  of  sucrose  was  studied 
at  25°C  in  a  completely  saturated  solution  to  learn  the 
effect  of  hydrogen  ions  on  the  rate.  The  system  used  was 
comprised  of  (in  grains)  :  sucrose,  211;  water,  100;  and 
citric  acid,  5  or  10,  Hydrolysis  was  measured  by  both 
reducing  sugar  and  glucose  oxidase  tests. 

The  data  are  presented  in  Figure  24  as  a  function  of 
time  and  are  replotted  as  a  first-order  kinetic  plot  in 
Figure  25. 

The  samples  containing  5  g  of  citric  acid  had  an  initial 
pH  of  1.69;  this  decreased  to  about  1.59  after  3  weeks. 

The  first-order  rate  constant  was  2.4  x  10”  3  hr-1.  For 
the  10-g  citric  acid  samples  the  initial  pH  was  1.55;  it 
had  decreased  to  about  l.JU  after  3  weeks.  This  system 
had  a  first-order  rate  constant  of  3.5  x  10“ 3  hr-1.  In 
neither  case  did  browning  occur  in  any  of  the  samples. 

From  these  tests  it  can  be  concluded  that; 

1)  pH  was  very  important  in  controlling 
the  rate  of  hydrolysis  of  sugar  in  foods 
under  storage. 

2)  When  enough  water  was  available  hydrolysis 
occurred  but  browning  did  not.  This  may  have 
been  due  to  dilution  in  the  large  amount  of 
water.  However,  in  dried  foods  hydrolysis 
will  lead  to  excessive  browning. 


Potato  Starch  Model  Systems 

Run  C.  In  Run  6  the  effects  of  moisture  content  and 
of  two  antioxidants  were  measured  in  a  model  system  based 
on  the  composition  of  potatoes.  The  compositions  of  the 
models  tested  are  presented  in  Table  5.  In  each  case, 
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methyl  linoleate  was  used  as  100%  of  the  lipid. 

Figures  26 ,  27,  and  28  present  the  oxygen  absorption 
per  gram  of  sample  as  a  function  of  relative  humidity. 
Oxygen  absorption  attributable  to  linoleate  is  presented 
in  Table  28.  The  following  effects  were  observed. 

The  rate  of  oxidation  in  the  dry  state  as  compared 
with  high  protein  models  was  very  high. 

Humidification  to  11%  RH  was  much  less  effective  than 
humidification  to  a  level  above  the  monolayer  (31%  RH) . 

Both  antioxidants  had  only  a  small  effect  on  the  over¬ 
all  rate  of  oxidation,  although  they  were  used  at  the 
same  level  as  in  the  high  protein-high  lipid  model 
systems  (10“3  moles  per  mole  of  linoleate).  Butylated 
hydroxy  toluene  had  a  slight  inhibitory  effect  in  the 
dry  state  but  was  not  as  effective  at  11%  RH.  In  fact, 
in  some  cases  butylated  hydroxy  toluene  samples  oxidized 
so  rapidly  even  at  the  higher  moisture  contents  that  no 
data  could  be  obtained.  Since  butylated  hydroxy  toluene 
is  volatile  it  may  be  lost  during  freeze-drying.  However, 
the  increased  rates  were  even  faster  than  the  controls, 
indicating  some  secondary  mechanism.  Because  of  this 
lack  of  reproducibility  between  butylated  hydroxy  toluene 
samples  it  is  probably  not  a  good  antioxidant  to  use. 

Some  data  on  peroxide  values  were  obtained  and  are 
presented  in  Table  29.  Compared  to  those  of  previous 
model  systems  the  values  are  very  high;  this  indicates 
a  more  favorable  environment.  In  the  high  protein  model 
systems  the  hydroperoxides  probably  react  very  readily 
with  the  protein  and  thus  their  level  is  low.  The  data 
in  Table  29  confirm  the  manometric  oxidation  data  showing 
an  inhibitory  effect  with  increasing  moisture  content. 

In  addition,  at  the  higher  moisture  contents  the  peroxide 


values  for  the  propyl  gallate  systems  were  much  lower 
than  those  for  the  controls;  this  might  indicate  a 
significant  antioxidant  effect  based  on  peroxide  value. 
However,  the  data  in  Figures  26,  27,  and  28  show  that 
this  was  not  the  case.  The  explanation  for  this  is 
that  the  action  of  propyl  gallate  is  to  decompose  the 
hydroperoxides  formed;  thus,  the  over-all  magnitude  of 
oxidation  may  be  the  same  with  a  much  lower  peroxide 
value.  Data  for  browning  showed  no  increase  and  are 
not  reported. 

Run  7.  In  Run  7  a  model  system  based  on  potato 
starch  and  having  the  composition  presented  in  Table  6 
was  studied.  The  major  differences  from  Run  6  were  that 
linoleate  was  used  as  only  30%  of  the  lipid  and  that  an 
additional  system  containing  5  ppm  cobalt  (based  on  lino¬ 
leate)  was  tested. 

The  data  for  total  oxygen  absorbed  per  gram  of  dry 
sample  are  presented  in  Figures  29,  30,  and  31.  The  data 
for  oxygen  absorbed  per  gram  of  linoleate  are  presented 
in  Tables  30,  31,  and  32  for  duplicate  samples  at  each 
relative  humidity.  From  these  data  the  following  conclu¬ 
sions  can  be  drawn. 

The  total  rate  of  oxidation  was  much  slower  than  that 
in  Run  6  due  to  the  decrease  in  the  linoleate  concentration. 

Humidification  to  11%  RH  significantly  decreased  the 
rate  of  oxidation  of  the  samples,  especially  in  the 
cobalt-catalyzed  samples. 

Humidification  to  31%  RH,  although  decreasing  the 
rate  in  relation  to  the  dry  samples,  increased  the 
rates  of  ail  samples  relative  to  those  at  11%  RH. 

This  has  also  been  found  previously  for  the  high 
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protein  model  systems. 

The  antioxidant  butylated  hydroxy  toluene  acted  as  a 
distinct  oxidation  catalyst,  and  as  in  Run  6,  duplicate 
samples  showed  poor  correlation.  These  results  indicate 
that  butylated  hydroxy  toluene  should  not  be  used  as  an 
antioxidant.  Propyl  gallate  as  an  additive  was  not  an 
effective  antioxidant. 

The  peroxide  values  are  presented  in  Table  33,  but  no 
correlation  can  be  made  with  the  oxygen  absorption  data. 
As  in  Run  6,  browning  was  not  significant  and  is  not 
reported. 

In  order  to  predict  the  extent  of  oxidation  as  a 
function  of  time,  the  oxidation  data  (on  the  basis 
of  linoleate)  for  Runs  6  and  7  were  plotted  as  square 
root  plots  (as  described  in  the  METHODS  section)  and 
examples  are  given  in  Figures  32  and  33,  respectively. 
The  monomolecular  rate  constant  Km  for  each  system  is 
shown  in  Table  34.  As  observed  previously,  both  the 
effect  of  humidification  and  the  prooxidant  effect  shown 
by  the  antioxidants  are  confirmed.  The  reduction  in 
rate  with  humidification  was  probably  due  to  catalyst 
inactivation.  The  increase  in  rate  at  31%  RH  may  have 
been  due  either  to  promotion  of  surface  mobility  of  the 
free  radicals  or  to  release  of  new  catalysts  by  swelling 
of  the  polymer  chains. 


SHORT-TERM 

STORAGE  STUDY 
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A  short-term  accelerated  storage  study  was  made  on 
three  selected  freeze-dried  foods:  ground  roast  beef, 
diced  potato,  and  prepared  applesauce.  These  foods  were 
chosen  because  they  were  closest  to  the  model  systems 
studied  and  direct  comparisons  could  be  made.  The  foods 
were  freeze-dried,  humidified  at  three  different  levels, 
and  stored  under  various  oxygen  partial  pressures  at  55°C 
for  3  weeks.  Storage  deterioration  was  measured  on  the 
basis  of  the  tests  found  applicable  in  the  model  system 
studies.  The  results  of  the  tests  on  both  the  model 
systems  and  the  foods  were  correlated  so  that  a  prediction 
of  storage  stability  for  future  foods  could  be  made. 


Materials 

Beef.  A  7-lb  piece  of  fresh  USDA  Choice  top  round 
was  cut  and  trimmed  of  all  visible  fat  and  gristle, 
ground  in  a  silent  cutter,  and  cooked  in  its  own  juices 
in  molds  at  10  lbs  steam  for  l*s  hr.  The  yield  of  3*5  lbs 
was  divided  and  to  one-half  of  it  1  mg  of  propyl  gallate 
and  1  mg  of  histidine  dissolved  in  25  cc  water  were 
added  and  mixed  1  min  on  the  silent  cutter.  The  control 
sample  was  mixed  in  the  same  manner  with  water.  The 
ground  beef  was  then  spread  on  trays,  frozen  at  -40°F, 
and  freeze-dried  at  50  y  Hg  for  4  days  at  room  tempera¬ 
ture.  The  addition  of  histidine  and  propyl  gallate  gave 
approximately  25  ppm  of  each  on  the  basis  of  the  fat 
content  of  the  beef. 

Potato.  Ten  pounds  of  Maine  potatoes  were  washed, 
peeled,  and  diced  into  3/8-inch  cubes;  the  yield  was 
6  lbs  of  potato.  This  was  spread  on  a  grating  tray  and 
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cooked  for  20  min  in  flowing  steam,  cooled  at  room 
temperature,  then  frozen  at  -40°P.  The  freeze-drying 
procedure  was  the  same  as  that  used  for  the  beef. 

Appleeauce .  "Motts"  applesauce  (5  lbs,  5  oz)  was  mixed 
and  spread  on  trays,  frozen  at  -40°F,  and  freeze-dried 
for  7  days  at  80°F  and  75  \i  Hg. 


Humidification 

After  freeze-drying,  the  vacuum  was  broken  with  nitrogen 
and  the  dried  product  was  divided  into  thirds  and  humid¬ 
ified  (in  the  manner  used  for  the  model  systems)  to  values 
of  0,  31,  and  50%  RH.  Equilibration  was  approximately 
4  hr.  The  moisture  contents  and  B.E.T.  values  are 
presented  in  Table  35. 


Packaging 

The  humidified  product  was  then  weighed  into  foil 
pouches  comprised  of  0.5  mil  mylar,  0.3  mil  aluminum 
foil,  and  3.0  mil  high  density  polyethylene.  The  amounts 
used  were  (in  grams;  ±  0.1  g) :  meat  control,  2  g;  meat 
plus  propyl  gallate  plus  histidine,  2  g;  potato,  3  g; 
and  applesauce,  9  g.  The  pouches  were  then  sealed  on 
a  Flex-Vac  vacuum  pouch  sealer  at  a  heat  setting  of 
550°F  under  the  following  three  atmospheric  conditions. 

Meat  8yeteme. 

Air  pack:  normal  air. 

Middle  pack:  package  blown  with  90:10  (v/v) 
nitrogen  to  oxygen  prior  to  sealing  at  5"  to 
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20"  vacuum. 

Vacuum  pack:  greater  than  29"  vacuum. 

Potato. 

Air  pack:  normal  air. 

Middle  pack:  blown  with  air  prior  to  sealing 
at  5"  to  20"  vacuum. 

Vacuum  pack:  29"  vacuum. 

Applesauce. 

Air  pack:  normal  air. 

Vacuum  pack:  29"  vacuum. 


Storage 

Individual  pouches  were  prepared  for  each  of  the 
following  tests:  browning,  peroxide  value,  head-space 
analysis,  organoleptic  analysis,  moisture  content,  and 
fat  content. 

The  samples  for  moisture  content  and  fat  content  were 
frozen  at  -40°F  until  used.  Initial  values  were  deter¬ 
mined  immediately  for  all  tests  except  the  organoleptic 
analysis,  for  which  the  samples  were  stored  at  -40°F 
until  the  end  so  that  comparison  with  the  samples  stored 
at  55°C  could  be  made.  The  other  pouches  were  then  stored 
at  55°C  and  tests  were  made  after  10  days  and  3  weeks. 


Specific  Tests 

Head  apace.  Head  space  in  the  foil  pouches  was 
determined  by  puncturing  the  pouch  with  a  needle  attached 
to  a  gas  burette  and  transferring  the  gas  content  to  the 
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burette.  This  was  easily  accomplished  with  the  air  and 
middle  packs  but  no  sample  could  be  obtained  from  the 
vacuum  pack  because  of  the  extremely  low  vacuum.  A  1-ml 
sample  of  the  gas  was  then  analyzed  for  carbon  dioxide, 
oxygen,  and  nitrogen  in  the  usual  manner. 

Package  vacuum.  To  measure  vacuum  in  the  middle  packs, 
each  was  placed  in  a  vacuum  desiccator  to  which  a  gauge 
had  been  attached.  A  vacuum  was  then  pulled  on  the 
desiccator  at  about  5"  per  min.  The  package  vacuum  was 
recorded  at  that  reading  at  which  the  package  began  to 
flex. 

For  the  vacuum  pack  pouches,  vacuum  was  always  greater 
than  29"  Hg  and  was  not  recorded  separately. 

Browning  tests .  For  the  meat  systems,  the  trypsin 
test,  as  described  previously,  was  used. 

The  test  for  potato  was  the  same  as  that  for  Runs  6 
and  7;  however,  30  ml  of  water  were  used. 

For  applesauce,  the  same  procedure  was  used  as  for  Runs 
6  and  7.  However,  due  to  the  gelling  nature  of  the 
material  20  ml  of  water  plus  10  ml  of  methanol  were  used. 

Organoleptic  tests.  The  samples  were  rated  for  flavor, 
color,  and  odor  on  a  nine-point  hedonic  scale  (1  — >  9  as 
poor  — )  best)  by  four  members  of  the  laboratory. 

Peroxide  value.  The  procedures  were  the  same  as  those 
used  for  the  model  systems. 


RESULTS 


Run  9  was  set  up  as  a  short-term  accelerated  storage 


test  of  three  actual  freeze-dried  foods  whose  compositions 
would  be  similar  to  those  of  the  model  systems. 


Model  System 
High  fat-high  protein 

Low  fat-high  sugar 
Low  fat-starch 


Freeze-dried  Food 

Ground  beef  (-20%  lipid  on 
a  dry  weight  basis) 

Applesauce  ( -90%  sugar) 

Potato 


The  foods  were  prepared  as  described  above  and  were 
stored  for  3  weeks  at  55°C  under  various  moisture  and 
oxygen  conditions.  In  addition  to  the  ground  beef,  a 
beef  system  was  made  containing  both  histidine  and  propyl 
gallate  to  act  as  antioxidants. 

The  data  for  Run  9  are  presented  in  Tables  36,  37,  38, 
and  39.  The  following  conclusions  can  be  made. 

Meat  ay8tem8.  The  major  deteriorative  factor  for  meat 
was  non-enzymatic  browning.  As  the  moisture  content  was 
increased  the  rate  became  quite  extensive,  especially  at 
50%  RH. 

The  addition  of  antioxidants  had  no  effect  on  either 
peroxide  value  or  browning. 

Organoleptically,  the  treated  and  control  meat  samples 
were  best  at  0  and  31%  RH  and  were  very  poor  at  50%  RH. 

Packaging  in  the  different  atmospheres  did  not  seem 
to  have  much  effect  on  the  results,  although  changes  may 
have  occurred  if  storage  time  had  been  longer. 

Potato.  Although  a  rancid  hay-like  odor  developed 
after  3  weeks,  the  peroxide  value  determinations  were 
inconclusive. 

Browning  deterioration  seemed  to  predominate,  probably 


-41- 


because  the  lipid  content  was  very  low  (0.8%  on  a  dry 
weight  basis) .  At  50%  RH  the  potatoes  were  unacceptably 
dark.  Only  at  50%  RH  did  packaging  in  vacuum  have  any 
significant  effect. 

Organoleptically,  the  potatoes  at  0%  RH  were  acceptable 
while  at  higher  humidities  they  were  not. 

Appleeauoe.  Packaging  in  vacuum  caused  excessive  com¬ 
pression,  making  it  difficult  to  rehydrate  the  sample. 

Browning  was  more  excessive  in  the  air  packs  than  under 
vacuum  conditions.  Production  of  carbon  dioxide  and  of 
browning  pigments  increased  with  moisture  content. 

Organoleptically,  the  only  acceptable  applesauce  was 
that  stored  under  dry  conditions.  There  was  no  difference 
between  vacuum  and  air  packaging. 
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GENERAL 


CONCLUSIONS 
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1.  The  kinetics  of  the  oxidation  of  protein  and  lipids 
in  model  systems  has  been  shown  to  be  affected  by  moisture 
content;  a  mathematical  prediction  of  the  rates  can  be 
made.  Lipid  oxidation  decreased  as  moisture  increased 
whereas  protein  oxidation  increased. 

2.  Antioxidants  such  as  propyl  gallate  and  butylated 
hydroxy  toluene  were  quite  variable  in  their  action  and 
seemed  to  have  only  limited  usefulness.  Butylated  hydroxy 
toluene  seemed  to  work  best  under  dry  conditions;  it  may 
have  prooxidant  effects  at  higher  relative  humidities. 
Propyl  gallate  worked  better  at  the  higher  humidities. 

In  the  potato  starch  model  system  both  antioxidants 
worked  poorly  while  in  the  high  protein  system  they  had 
some  activity. 

3.  In  the  presence  of  trace  metal  catalysts  such  as 
cobalt,  the  amino  acid  histidine  acted  as  a  significant 
antioxidant  with  increasing  action  at  higher  moisture 
contents.  This  action  was  greater  than  that  for  a  che¬ 
lating  agent  such  as  EDTA. 

4.  Increasing  the  amount  of  oxidizable  lipid  in  a 
system  made  it  much  less  stable  to  oxidation  and  resulted 
in  typical  oxidation  kinetics.  At  low  oxidizable  lipid 
concentrations,  interaction  with  protein  and  other  con¬ 
stituents  decreased  the  rate  of  oxidation  significantly 
and  changed  oxidation  kinetics.  In  starch  systems  the 
retardation  effect  was  less  so  that  lipid  oxidation 
proceeded  at  a  much  faster  rate,  showing  that  dilution 
of  the  lipid  with  starch  is  less  effective  than  dilution 
with  protein. 

5.  Manometric  techniques  seemed  to  be  the  best  method 
of  studying  oxygen  absorption.  Peroxide  value  and  head- 
space  determinations  gave  inconclusive  results. 
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6.  In  rapidly  oxidizing  systems  browning  deteriora¬ 
tion  can  be  assumed  to  be  negligible. 

7.  Measurement  of  browning  by  carbon  dioxide  produc¬ 
tion  was  not  as  reliable  a  technique  as  was  the  extrac¬ 
tion  of  the  pigments  followed  by  measurement  of  the 
optical  density. 

8.  Contrary  to  expectations,  in  dry  sucrose  systems 
enough  water  was  available  to  promote  hydrolysis  of 
sucrose  and  yield  reducing  sugars.  These,  in  turn, 
can  cause  considerable  browning. 

9.  Protein,  when  added  to  a  sugar-acid  system,  was 
significant  in  retarding  the  rate  of  browning,  possibly 
through  binding  of  the  water. 

10.  In  general,  humidification  to  slightly  below  or 
above  the  monolayer  gave  maximum  protection  to  the  model 
system.  At  0%  RH  lipid  oxidation  was  excessive  and  at 
30  to  40%  RH  browning  took  place  rapidly. 

11.  The  tests  of  the  actual  food  systems  showed  that 
the  influence  of  moisture  content  was  significant  whereas 
packaging  environment  had  only  a  negligible  effect. 

These  results  must  be  considered  applicable  only  to  the 
conditions  actually  tested  ( i.e .,  short-term  storage  at 
high  temperatures  [130°FJ).  It  is  most  likely  that  at 
lower  storage  temperatures  browning  would  not  be  as  rapid 
and  packaging  protection  would  be  quite  effective. 
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TABLE  1 

High  Fat-High  Protein  Model  System 


Percent 

Composition 

Component 

Wet  Basis 

Dry  Basis 

Component  Used 

Protein 

34.5 

58.8 

Spray-Dried 

Egg  Albumin* 

Fat 

24.2 

41.2 

Methyl  Linoleate 
Methyl  Oleate* 
Apiezon  B+ 

Myoglobin 

<0.002 

0.002 

Horse  Myoglobin* 

Water 

41.3 

*  Mann  Research  Labs,  New  York. 

+  J.  G.  Biddle,  Philadelphia,  Pennsylvania. 


TABLE  2 


Low 

Fat-High  Sugar 

Model  System 

Percent  Composition 

Component 

Component 

Wet  Basis 

Dry  Basis 

Used 

Carbohydrates 

Glucose-Sucrose 

66.8 

86.9 

* 

Malic  Acid 

2.0 

2.6 

* 

Fiber-Avicel 

4.8 

6.2 

t 

Fat 

1.9 

2.5 

♦ 

Protein 

1.4 

1.8 

Egg 

Albumin8 

Water 

23.1 

Redistilled 

Deionized 

*  Mallinckrodt  Chemical  Company,  St.  Louis,  Missouri. 
+  American  Viscose  Corporation,  Maryland. 

f  Same  as  for  the  high  fat-high  protein  model  system. 

*  Mann  Research  Labs,  New  York. 
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TABLE  3A 

Low  Fat-High  Sugar  Model  System  Composition  for  Hun  3* 


100% 

50:50 

Component 

Sucrose 

Glucose-Sucrose 

Carbohydrates 

Sucrose 

133.6 

66.8 

Glucose 

66.8 

Malic  Acid 

4.0 

4.0 

Avicel 

9.6 

9.6 

Methyl  Oleate 

3.8 

3.8 

Egg  Albumin 

2.8 

2.8 

Redistilled  Water 

46.0 

56.0 

*  Values  are  in  grams. 

TABLE  3B 

Moisture 

Contents  (GLC  Method)* 

System 

Dry 

31%  RH  50%  RH 

100%  Sucrose 

0.31 

0.50  0.98 

50:50  Glucose-Sucrose 

5.42 

7.39  10.24 

*  Data  are  given  as  g  water  per  100  g  solid. 


TABLE  4A 


Composition  of  the  Sucrose  Model  Systems  Used  in  Run  8* 


Component 

System  I 

System  II 

System  III 

Sucrose 

150 

150 

150 

Avicel 

10 

10 

10 

Citric  Acid 

5 

5 

Egg  Albumin 

5 

Redistilled  Water 

40 

40 

55 

*  Values  are  in  grams. 

TABLE  4B 

Moisture 

Contents  (GLC  Method)* 

System 

Dry 

31%  RH 

75%  RH 

I 

0.11 

0.33 

0.95 

II 

0.22 

0.47 

3.72 

III 

0.39 

3.85 

5.67 

*  Data  are  given  as  g  water  per  100  g  solid. 
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TABLE  5 

Composition  of  the  Potato  Starch  Model  Systems 

Used  in  Run  6* •  * 


- System — 

Butylated 

Propyl 

Hydroxy 

Control 

Gallate 

Toluene 

Component 

(Con) 

(PG) 

(BHT) 

Potato  Starch 

45.5 

45.5 

45.5 

Methyl  Linoleate 

10 

10 

10 

Egg  Albumin 

4.5 

4.5 

4.5 

Avicel 

40 

40 

40 

Cobalt 

10“5 

10’ 5 

10’5 

Propyl  Gallate 

0.72 
x  10’2 

Butylated  Hydroxy 
Toluene 

0.75 
x  10’2 

Redistilled  Water 

200 

200 

200 

*  Values  are  in  grains. 

+  Moisture  content  by  GLC  (as  g  water  per  100  g  solid) 
dry,  0.28;  11%  RH,  2.66;  31%  RH,  5.63. 


TABLE  6 


Composition  of  the  Potato  Starch  Model  Systems 


Used 

in  Run 

?*,  + 

System - 

Butylated 

Propyl 

Hydroxy 

Control 

Cobalt 

Gallate 

Toluene 

Component 

(Con) 

(Co) 

(PG) 

(BHT) 

Potato  Starch 

31.8 

31.8 

31.8 

31.8 

Lipid 

Methyl  Linoleate 
(30%) 

2.1 

2.1 

2.1 

2.1 

Apiezon  B 
(70%) 

4.9 

4.9 

4.9 

4.9 

Egg  Albumin 

3.2 

3.2 

3.2 

3.2 

Avicel 

28 

28 

28 

28 

Cobalt 

1  X 
10“  5 

Propyl  Gallate 

1.51 
x  10"3 

Butylated  Hydroxy 
Toluene 

1.57 
x  10-3 

Redistilled  Water 

140 

140 

140 

140 

*  Values  are  in 

grams. 

+  Moisture  content  by  GLC  (as  g 
dry,  0.54;  11%  RH,  3.21;  31%  RH, 

water  per 
6.04. 

100  g  solid) 
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TABLE  7 


Constant  Humidity  Solutions 


Saturated  Salt  Solution 

Percent  Relative  Humidity 

at  55°C 

Drierite 

<0.1 

LiCl2 

11.0 

CH  3COOK 

23.0 

MgCl2 

31.0 

Cr03 

40.2 

Na2Cr207 

50.0 

NaBr 

57.0 

NaN03 

61.8 

NaCl 

75.0 

K2Cr04 

82.0 

kno3 

89.0 

NH4H2P04 

91.0 

■>»»■•  •»  »•  *.  «or»  i  '«•»-»•**-<• 
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TABLE  8 


B.E.T.-Data  Isotherms 

Percent 

Relative  Humidity 


System 

Mi* 

at  Monolayer 

C+ 

High  Fat-High  Protein 

3.89 

31.0 

4.12 

Low  Fat-High  Sugar 

0.42 

25.0 

2.00 

*  Mi  is  the  monolayer 
protein) . 

coverage 

(as  g  water  per 

100  g 

+  C  is  the  B.E.T.  activation  energy  constant. 
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TABLE  9 


High  Fat-High  Protein  Model  System 
Oxidation  Results  for  Run  1 


Dry 

11%  RH 

31%  RH 

Initial  Extent  of 
Oxidation  by  UV 
(yl  Oxygen  per  Gram) 

99.5 

107.1 

84.2 

Peroxide  Value 
meq  per  Kg  of  Lipid 

Initial 

19.4 

15.4 

14.5 

24  hr 

235. 

157. 

90. 

54  hr 

780. 

790. 

640. 

yl  Oxygen  per  Gram 
of  Lipid 

Initial 

217. 

172. 

162. 

24  hr 

2630. 

1758. 

1009. 

54  hr 

8736. 

8848. 

7168. 

Head-Space  Samples 
(Percent  Oxygen) 

Initial 

19.8 

19.8 

19.8 

26  hr 

17.8 

18.4 

19.8 

54  hr 

5.7 

5.7 

6.8 

) 


fnMo  «»*«*»**'  WKWjmfr 
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TABLE  10 


ffip/i  Fat-High  Protein  Model  System 
Non- enzymatic  Browning  Results  for  Run  1 


Dry 

11%  RH 

31%  RH 

Pigment  Coloration 
(OD420  Per  Gram  x  100) 

Initial 

3.7 

2.6 

1.5 

72  hr:  Sample  1 

1.4 

0.9 

3.1 

72  hr:  Sample  2 

0.8 

2.2 

3.2 

Head-Space  Carbon  Dioxide 
(Percent) 

Initial 

0.04 

0.04 

0.04 

24  hr 

0.10 

0.17 

0.35 

54  hr 

0.50 

0.80 

1.10 
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TABLE  11A 

Composition  of  the  High  Fat-High  Protein  Model  Systems 

Used  in  Run  2* 


- System — 

Butylated 

Propyl 

Hydroxy 

Control 

Gallate 

Toluene 

Component 

(Con) 

(PG) 

(BHT) 

Egg  Albumin 

58.8 

58.8 

58.8 

Lipid 

Methyl  Oleate 
(50%) 

20.5 

20.5 

20.5 

Methyl  Linoleate 
(10%) 

4.2 

4.2 

4.2 

Apiezon  B 
(40%) 

16.5 

16.5 

16.5 

Myoglobin 

2  x 

10“5 

2  x 

10~5 

2  x 
10"5 

Propyl  Gallate 

5  x 

10"3 

Butylated  Hydroxy 
Toluene 

5  x 
10-3 

Redistilled  Water 

70 

70 

70 

*  Values  are  in  grains. 


4* 
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TATjLE  11B 

Moisture  Contente* 

Dry 

31%  RH 

50%  RH 

Moisture  Content  by  Vacuum 

2.38 

5.81 

7.53 

Moisture  Content  by  GLC 

1.43 

4.68 

5.53 

*  _  , 

Data  are  given  as  g  water  per  100  g  solid. 
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TABLE  15 

Composition  of  the  High  Fat-High  Protein  Model  Systems 

Used  in  Hun  4*  •  * 


- System — 

Butylated 

Propyl 

Hydroxy 

Control 

Gallate 

Toluene 

Component 

(Con) 

(PG) 

(BHT) 

Egg  Albumin 

58.8 

58.8 

58.8 

Lipid 

Methyl  Oleate 
(30%) 

12.35 

12.35 

12.35 

Methyl  Linoleate 
(30%) 

12.35 

12.35 

12.35 

Apiezon  B 
(40%) 

16.5 

16.5 

16.5 

Cobalt^ 

0. 6  mg 

0.6  mg 

0.6  mg 

Propyl  Gallate 5 

15  mg 

Butylated  Hydroxy 
Toluene* 

14.75  mg 

Redistilled  Water 

80 

80 

80 

*  Values  are  in  grams. 

+  Moisture  content  by  GLC  (as  g  water  per  100  g  solid; 
average  of  three  samples):  0.1%  RH,  0.495;  31%  RH, 

3.88;  60%  RH ,  6.90. 

^  As  a  nitrate  salt  solution.  0.610  g  made  to  100  ml. 

1  ml  - 1  10  ppm  cobalt  based  on  linoleate. 

*  0.3  g  made  to  100  ml  with  water.  5  ml  - *  10“ 3  moles 

propyl  gallate  per  mole  of  linoleate. 

*  29.5  mg  made  to  10  ml  with  Apiezon  B.  5  ml  - »  10“ 3 

moles  butylated  hydroxy  toluene  per  mole  of  linoleate. 


3 

3 


TABLE  21 
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Peroxide  Values  for  Run 


TABLE  24 


Estimated  Percent  Sucrose  Hydrolysis 

- Tests - 

Sample  Reducing  Sugar  Glucose 

Frozen  Control  1.9  1 

Stored  at  55°C 
for  21  Days 


a  »  -> 
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TABLE  25 


Carbon 

Dioxide 

Production  in  Run  3* 

100% 

50:50 

(Days) 

Dry 

31% 

51% 

Dry 

31% 

51% 

0 

0.067 

0.084 

0.067 

0.045 

0.056 

0.073 

1 

0.078 

0.101 

0.090 

0.040 

0.073 

0.090 

3 

0.090 

0.112 

0.112 

0.067 

0.067 

0.123 

6 

0.101 

0.135 

0.180 

0.067 

0.084 

0.112 

7 

0.072 

0.112 

0.146 

0.056 

0.078 

0.067 

8 

0.112 

0.123 

0.130 

0.073 

0.108 

0.090 

10 

0.067 

0.103 

0.099 

0.045 

0.157 

0.099 

13 

0.090 

0.067 

0.281 

0.135 

0.180 

0.168 

14 

0.092 

0.067 

0.247 

0.180 

0.247 

0.135 

16 

0.067 

0.203 

0.293 

0.079 

0.146 

0.169 

17 

0.158 

0.067 

0.079 

0.135 

0.239 

0.180 

24 

0.225 

0.067 

0.135 

0.079 

0.077 

0.111 

31 

0.067 

0.045 

0.101 

0.090 

0.338 

0.135 

Percent  concentration  in  head  space. 
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Data  are  given  as  microliters  of  oxygen  per  gram  of  linoleate. 
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Data  are  given  as  microliters  of  oxygen  per  gram  of  linoleate. 
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Data  are  given  as  microliters  of  oxygen  per  gram  of  linoleate. 
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Data  are  given  as  microliters  of  oxygen  per  gram  of  linoleate. 
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TABLE  33 


Peroxide  Values  for  Run  7* 


Time 

(hr) 

Control 

(Con) 

Cobalt 

(Co) 

Propyl 

Gallate 

(PG) 

Butylated 

Hydroxy 

Toluene 

(BHT) 

xy  , 

0 

4.97 

4.54 

13.05 

9.73 

48 

5.62 

7.78 

10.89 

4.47 

192 

31.52 

18.45 

68.45 

23.52 

240 

34.09 

35.17 

31.53 

115.62 

lift  DU 

0 

5.83 

11.77 

5.93 

11.27 

48 

4.83 

14.90 

4.60 

9.76 

192 

21.84 

12.96 

7.67 

10.98 

240 

35.07 

20.60 

24.43 

25.46 

lift  DU 

0 

5.25 

4.12 

-o  mi 

8.70 

15.01 

48 

6.16 

9.62 

4.67 

4.17 

192 

10.49 

17.90 

16.90 

27.70 

240 

19.41 

18.22 

14.12 

15.23 

*  Values  are  given  as  milliequivalents  of  oxygen  per 
kilogram  of  linoleate. 
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TABLE  34 

Monomole oular  Rate  Constants * 


Dry 

11%  RH 

31%  RH 

Control 

2.62 

1.94 

1.84 

Propyl  Gallate 

2.76 

1.62 

1.80 

Butylated  Hydroxy 

Toluene 

3.04 

1.88 

1.44 

Control 

1.54 

1.32 

1.00 

Cobalt 

3.14 

0.94 

1.48 

Propyl  Gallate 

2.72 

1.10 

1.76 

Butylated  Hydroxy 

Toluene 

2.76 

0.94 

2.86 

(Microliters  of  oxygen  per  gram)**  hour-1. 
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TABLE  35A 

Moisture  Contents  of  Freeze-Dried,  Foods* 


Dry 

31%  RH 

50%  RH 

Meat 

0.72 

4.14 

6.00 

Meat  + 

Propyl  Gallate 
+  Histidine 

0.70 

4.27 

5.40 

Potato 

0.67 

3.54 

4.83 

Applesauce 

2.64 

5.50 

8.37 

*  Data  are  given 

as  g  water 

per 

100  g  solid. 

TABLE 

35B 

Monolayer 

Values 

Percent 

iHq*  Relative  Humidity 


Meat 

2.85 

20 

Meat  + 

Propyl  Gallate 
+  Histidine 

2.85 

20 

Potato 

3.5 

32 

Applesauce 

4.6 

22 

*  As  grams  of  water  per  100%  RH. 
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Organoleptic  Scores  for  Freeze-Dried  Foods  in  Run 
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DETERIORATION  OF  FREEZE-DRIED  -1- 

SALMON  AS  A  FUNCTION  OF  RH 

THE  RATE  OF  DETERIORATION  OF  FREEZE-DRIED  SALMON  AS 
A  FUNCTION  OF  RELATIVE  HUMIDITY.  F.  MARTINEZ  &  T.  P. 

LABUZA. 

The  rates  of  several  deteriorative  reactions,  including 
lipid  oxidation,  astacene  pigment  loss,  carbon  dioxide 
production,  and  production  of  non-enzymatic  browning 
pigments,  were  studied  in  freeze-dried  salmon  at  37°C 
and  at  several  relative  humidities.  Results  previously 
obtained  in  cellulosic  model  systems  containing  methyl 
linoleate  were  confirmed  by  data  on  oxygen  absorption 
as  a  function  of  moisture  content.  Both  the  rate  of  the 
initial  peroxide  monomolecular  decomposition  and  the 
peroxide  value  decreased  as  the  water  content  was  increased. 
Astacene  pigment  loss  was  reduced  significantly  by  the 
higher  moisture  contents;  non-enzymatic  browning  was 
increased.  The  significance  of  the  reactivity  of  water 
at  low  moisture  contents  was  demonstrated  by  its  effect 
on  the  various  reactions. 
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The  Rate  of  Deterioration  of  Freeze-Dried  Salmon  as  a 
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SUMMARY — The  rates  of  several  deteriorative  reactions, 
including  lipid  oxidation,  astacene  pigment  loss,  carbon 
dioxide  production,  and  production  of  non-enzymatic 
browning  pigments,  were  studied  in  freeze-dried  salmon 
at  37°C  and  at  several  relative  humidities.  Results 
previously  obtained  in  cellulosic  model  systems  containing 
methyl  linoleate  were  confirmed  by  data  on  oxygen  absorption 
as  a  function  of  moisture  content.  Both  the  rate  of  the 
initial  peroxide  monomolecular  decomposition  and  the 
peroxide  value  decreased  as  the  water  content  was  increased. 
Astacene  pigment  loss  was  reduced  significantly  by  the 
higher  moisture  contents;  non-enzymatic  browning  was 
increased.  The  significance  of  the  reactivity  of  water 
at  low  moisture  contents  was  demonstrated  by  its  effect 
on  the  various  reactions. 
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INTRODUCTION 

Freeze-drying  has  become  an  important  process  for 
the  preservation  of  foods  because  the  quality  of  the 
rehydrated  product  is  better  than  that  of  products 
prepared  by  conventional  dehydration  techniques.  However, 
regardless  of  the  success  of  the  process  itself,  more 
investigation  of  the  effect  of  the  final  moisture  content 
on  changes  in  the  quality  of  the  product  during  storage 
is  necessary.  The  quality  aspect  involves  reactions 
occurring  under  different  conditions  of  time  and  storage, 
such  as  protein  denaturation,  changes  in  pigments,  browning 
reactions,  microbial  growth,  and  development  of  oxidative 
rancidity.  This  last  reaction,  lipid  oxidation,  is  one 
of  the  most  important  because  of  the  highly  porous  nature 
of  the  product,  making  the  lipid  more  accessible  to  oxygen, 
and  because  of  the  low  moisture  content  which  tends  to 
promote  oxidation. 

Several  studies  have  been  carried  out  to  determine 
the  factors  affecting  the  above  reactions.  The  results 
of  storage  tests  on  food  items,  individually  and  in 
combinations,  were  consistent  with  the  idea  that  the  amount 
of  water  adsorbed  on  those  systems  has  a  very  significant 
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effect  (Lea,  1958;  Notter  et  al.  ,  1959;  Karel  et  al.  , 

1964) .  It  has  been  postulated  that  the  calculated 
monolayer  value  of  moisture  adsorption  defines  the 
region  of  highest  stability  for  freeze-dried  food 
items  (Salwin,  1962) . 

The  importance  of  the  monolayer  value  for  model 
systems  undergoing  lipid  oxidation  he*s  been  studied 
by  Maloney  et  al.  (1966)  and  Labuza  et  al.  (1966) . 

In  their  work  it  was  found  that  the  water  exhibited 
2  effects:  hydration  of  metals  which  can  catalyze  the 
oxidation,  thus  rendering  them  inactive;  and  formation 
of  hydrogen  bonds  with  hydroperoxides  produced  to  cause 
an  extension  of  the  monomolecular  rate  period. 

In  most  studies  of  food  materials,  however,  the 
type  and  amount  of  data  taken  cannot  allow  for  an  analysis 
of  the  true  mechanism  of  the  effect  of  water  on  the 
stability  of  the  product.  The  present  work  was  set  up 
to  determine  the  effect  of  moisture  content  on  the  rates 
of  several  deteriorative  reactions  in  freeze-dried  salmon 
during  storage  at  37°C.  Oxidative  rancidity,  browning 
discoloration,  and  changes  in  pigments  were  studied  at 
several  different  moisture  contents  corresponding  to 
nearly  dry,  below  monolayer,  and  above  monolayer  coverage 
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of  water  values.  An  analysis  of  the  data  was  made  to 
ascertain  the  true  mechanism  of  the  effect  of  water  on 
the  stability  of  the  product  in  view  of  the  work  done 
in  model  systems. 


MATERIALS  AND  METHODS 

Preparation  of  samples 

The  freshest  Pacific  sockeye  salmon  ( Onocorhynchus 
nerka)  available  was  obtained  from  a  wholesale  dealer. 

It  was  frozen  at  -40#C,  sliced  into  *u-in.  slabs,  and 
freeze-dried  for  60  hr  at  60-100  p  Hg  and  room  temperature 
in  a  Vacudyne  pilot  freeze-dryer.  The  vacuum  was  broken 
with  pre-purified  nitrogen.  To  eliminate  the  inherent 
variability  of  the  material  itself,  the  following 
treatment  was  adopted.  1)  Only  slices  from  the  middle 
third  of  the  fish  body  were  used.  2)  The  skin  and  dark 
muscle  were  removed  from  the  slices  after  freeze-drying. 

3)  The  muscle  near  the  abdominal  cavity  was  also  removed 
after  freeze-drying.  4)  The  blood  remaining  in  the 
tissue  located  adjacent  to  the  backbone  was  thoroughly 
removed. 
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After  freeze-drying  the  flesh  was  mixed  thoroughly, 
and  the  necessary  amounts  were  weighed  into  reaction 
flasks.  Specific  flasks  and  amounts  were  used  for 
manometric  studies,  lipid  extraction,  peroxide  value, 
pigment  determination,  and  head-space  analysis. 

Moisture  sorption  isotherm.  Using  the  desiccator 
method  (Stitt,  1958) ,  a  sorption  isotherm  was  prepared 
at  37°C.  The  plot  of  water  activity  versus  moisture 
content  is  presented  in  Fig.  1.  The  value  at  which 
monolayer  coverage  of  water  occurs  was  calculated  from 
the  BET  equation  (Adamson,  1960) .  The  monolayer  was 
found  to  occur  at  a  water  activity  of  a  ®  0.19  and  at 
a  moisture  content  of  5%  on  a  dry  basis. 

Moisture  equilibration.  The  freeze-dried  samples 
were  equilibrated  at  relative  humidities  corresponding 
to  moisture  contents  above  and  below  the  water  monolayer 
value.  Samples  were  placed  into  desiccators  containing 
saturated  salt  solutions  at  <  0.1,  11,  32,  and  40%  RH, 
equilibrated  under  vacuum  for  4  hr  at  37°C,  removed  by 
breaking  the  vacuum  with  air  at  the  proper  relative  humidity, 
and  kept  at  37°C  for  the  subsequent  study. 

Moisture  content  determinations .  To  ensure  complete 
equilibration,  duplicate  samples  from  each  desiccator 
were  used  for  moisture  determination.  This  determination 
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was  made  by  measuring  the  equilibrium  vapor  pressure 
in  the  manner  indicated  by  Stitt  (1958)  ,  using  the 
highly  sensitive  manometric  system  of  Karel  et  al . 

(1964) . 

Stability  studies 

Oxygen  absorption.  The  amount  of  oxygen  absorbed 
by  the  freeze-dried  fish  was  followed  by  the  standard 
Warburg  technique,  using  triplicate  monometers  and  a 
thermobarometer  for  each  relative  humidity  sample. 

Standard  manometric  procedures  were  used  for  calibration 
of  the  equipment  and  calculation  of  results  (Umbreit 
et  al. ,  1964).  The  amount  of  sample  was  selected  in 
such  a  way  as  to  maintain  a  1:25  ratio  of  sample  volume 
to  head-space  volume.  Results  were  expressed  as 
microliters  oxygen  per  gram  lipid. 

Correction  for  the  carbon  dioxide  produced  in  the 
system  was  made  by  assuming  that  the  volume  of  carbon 
dioxide  produced  is  equal  to  the  absorbed  oxygen  not 
detected  by  the  manometers.  Data  from  head-space  analysis 
were  used  to  obtain  a  correction  for  the  volume  of  carbon 
dioxide  evolved. 

Lipid  extraction.  Triplicate  samples  were  extracted 
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with  60  cc  of  a  chloroform-methanol  (3:1)  mixture, 
shaken  for  1  hr  on  a  rotary  shaker,  then  filtered 
through  a  Buckner  funnel.  The  solvent  was  removed 
on  a  rotary  evaporator  (50°C,  30  in.  Hg,  1  hr)  and 
the  remaining  lipid  weighed.  The  average  extraction 
value  was  used  for  all  subsequent  calculations.  In 
each  case  the  lipid  content  was  approximately  20%  of 
the  dry  solids'  weight. 

Peroxide  value.  Results  were  obtained  in 
milliequivalents  oxygen  per  kilogram  lipid  by  using 
the  AOCS  method.  In  order  to  establish  comparisons 
with  oxygen  absorption  data,  these  units  were  converted 
to  microliters  oxygen  per  gram  lipid  by  multiplying  by 
11.2  (the  conversion  factor). 

Head-space  analysis .  Head-space  analysis  was  used 
as  an  indication  of  oxygen  absorbed  and  carbon  dioxide 
evolved.  Two  grams  of  fish  were  put  into  50-cc 
Erlenmeyer  flasks  and  stoppered  with  a  rubber  serum  cap. 
Using  the  procedure  described  by  Karel  et  al.  Cl 963) , 

1  cc  of  the  head  space  was  injected  during  storage  into 
an  Aerograph  Model  A-90  P  Gas  Chromatograph  with  a  thermal 
conductivity  cell. 

Peak  heights  were  compared  with  standards  of  known 
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gas  concentration,  the  results  being  expressed  as 
percent  of  the  head  space. 

Production  of  browning  pigments .  Pigments  were 
measured  according  to  the  method  presented  below 
(modified  from  Choi  et  at.,  1949). 

Two  grams  of  dry  material  were  dispersed  in 
distilled  water  (20  cc) .  A  trypsin  suspension  of  2.5 
ml,  prepared  a  few  minutes  before  the  analysis,  was 
added.  After  a  1-hr  incubation  at  45°C,  2  ml  of  50% 
trichloroacetic  acid  and  0.1  g  Celite  (Analytical 
filter  aid)  were  added.  After  mixing  and  filtering, 
the  optical  density  of  the  filtrate  was  measured  at 
420  my,  setting  the  enzyme  blank  at  100%  T.  The 
readings  were  made  in  a  Beckman  B  Spectrophotometer. 

Aataoene  pigment  loss.  The  pigment  was  extracted 
by  the  method  developed  by  Bligh  et  xl.  (1959).  The 
optical  density  of  the  chloroform  extract  of  the  pigment 
was  measured  at  475  my  in  a  Beckman  B  Spectrophotometer. 
A  reading  at  390  my  was  used  as  a  reference  point  to 
eliminate  differences  in  the  absolute  amount  of  pigment 
extracted  (Lusk  et  at.,  1964).  The  data  are  reported  as 
the  ratio  of  the  optical  densities  at  475  and  390  my 
(OD  475/OD  390). 
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Fatty  acid  analysis 

In  order  to  make  comparisons  with  runs  in  which 
a  model  system  containing  methyl  linoleate  was  used, 
and  to  study  certain  aspects  of  reaction  kinetics  on 
the  basis  of  methyl  linoleate  alone,  the  fatty  acid 
composition  of  the  freeze-dried  material  was  determined. 

Triplicate  samples  were  methylated  according  to  the 
trans-esterification  procedure  (no.  1)  (Jamieson  et  at.  , 

1965) .  The  methyl  esters  were  dissolved  in  hexane  and 
then  examined  on  a  F  &  M  Model  1609  gas  chromatograph. 

Comparison  of  the  retention  times  of  the  fatty 
acid  methyl  esters  obtained  from  the  fish  lipids  with 
the  retention  times  of  fatty  acid  methyl  esters  of  known 
concentration  obtained  from  the  Hormel  Institute  and  from 
Applied  Science  Laboratories,  Inc.  led  to  identification. 
Conventional  procedures  were  used  for  peak  area  measurements. 

| 
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i 

RESULTS  AND  DISCUSSION 


Three  experiments  varying  from  250-900  hr  were 
carried  out  on  the  freeze-dried  salmon.  As  many 
treatments  as  possible  were  considered  in  each  test 
because  of  the  inherent  variability  of  the  fish  (Lovern 
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1942;  Notevarp,  1961) .  Although  the  absolute  magnitudes 
of  values  varied  between  the  runs  in  each  case,  the  trend 
observed  v/as  the  same.  Results  are  presented  from  typical 
values  observed. 

Oxidative  deterioration 

Oxidative  deterioration  was  evaluated  by  measurement 
of  the  oxidation  of  the  lipids,  the  protein  fraction,  and 
the  destruction  of  astacene,  the  pigment  responsible  for 
the  typical  red  color  of  fresh  salmon.  Figs.  2  and  3  show 
the  data,  corrected  for  the  amount  of  carbon  dioxide 
produced  by  the  sample,  for  the  Warburg  oxygen  absorption 
of  salmon.  It  can  be  seen  that  the  major  effect  of 
humidification  is  to  significantly  decrease  the  over-all 
rate  of  oxidation  after  an  initial  fast  phase.  The 
protective  effect  of  water  is  evident  both  below  the 
monolayer  (11%  RH)  and  above  it  in  all  cases.  These 
results  are  similar  to  that  found  by  Maloney  et  al. 

(1966)  for  cellulosic  model  systems. 

As  was  observed  by  Tappel  (1956)  and  by  Karel 
et  al.  (1966)  ,  oxygen  can  also  be  absorbed  by  proteins. 
This  can  account  for  up  to  50-80%  of  the  total  oxygen 
absorbed,  especially  at  high  temperatures.  In  order  to 
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test  for  such  absorption  in  the  salmon  system,  in  each 
run  samples  which  had  been  extracted  6  times  with 
CHCl3:MeOH  (3:1)  were  also  placed  in  Warburg  manometers. 

Very  little  absorption  was  observed;  in  all  cases  it  was 
less  than  1%  of  that  found  for  the  unextracted  fish,  so 
that  protein  oxidation  was  assumed  to  be  negligible. 

Table  1  presents  data  obtained  by  the  use  of  head-space 
analysis  of  salmon  samples  and  converted  to  microliters 
O2  absorbed  per  gram  of  lipid  in  the  fish.  A  comparison 
of  this  data  with  the  Warburg  data  in  Fig.  3  (for  run  3) 
shows  some  discrepancy,  although  the  general  trend  of 
lower  values  at  the  higher  moisture  content  was  evidenced. 
These  discrepancies  could  be  due  to  inhomogeneity  of  the 
sample  since  a  different  sample  was  used  for  each  point. 
Similar  difficulties  have  been  reported  by  Vilece  et  al . 
(1955)  and  by  Karel  et  al.  (1966) . 

The  results  of  peroxide  value  analyses  are  presented 
in  Fig.  4.  The  peroxide  values  varied  inversely  with  the 
amount  of  water  present  in  the  system,  showing  the 
protective  effect  of  water. 

Comparison  of  the  peroxide  value,  in  microliters  of 


oxygen  per  gram  of  lipid,  with  the  Warburg  oxygen  absorption 
data  shows  that  the  peroxide  value  gives  a  very  poor 
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indication  of  the  actual  total  amount  of  oxygen  absorbed 
by  stored  foods.  This  is  the  opposite  of  results  found 
in  a  cellulosic  model  system  containing  methyl  linoleatt. 
This  model  system  was  prepared  in  the  manner  described 
by  Maloney  et  al.  (1966) .  Oxygen  absorption  and  peroxide 
value  analyses  were  performed  by  following  the  methods 
described  in  the  present  work;  the  results  are  plotted 
in  Fig.  5  and  show  that  the  correlation  between  peroxide 
value  and  oxygen  absorbed  is  very  good.  Lundberg  et  al . 
(1947)  studied  the  bulk  oxidation  of  methyl  linoleate  at 
various  temperatures  and  found  a  direct  correlation  between 
these  parameters  at  temperatures  near  40°C.  The  reasons 
for  the  poor  correlation  of  peroxide  value  with  oxygen 
absorbed  in  foods  could  be  due  to  rapid  breakdown  of  the 
hydroperoxides  due  to  secondary  reactions,  significant 
oxygen  absorption  by  components  other  than  lipid  (Tappel, 
1956)  ,  or  irreversible  chemical  bonding  of  the  peroxides 
to  other  components  such  as  proteins,  as  found  by  Tappel 
(1955)  and  by  El-Gharbawi  et  al.  (1965). 

It  can  be  seen  from  Fig.  4  that  even  though  the 
peroxide  value  does  not  show  the  total  quantitative 
oxygen  absorbed,  the  protective  effect  of  water  is 
readily  observed  if  enough  determinations  are  made 
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over  the  extent  of  the  storage  period. 

The  effect  of  moisture  content  on  the  oxidative 
deterioration  of  astacene  is  presented  in  Fig.  6  for 
run  3.  The  effect  is  similar  to  that  found  for  lipid 
oxidation,  with  values  above  the  monolayer  giving  almost 
complete  protection.  Lusk  et  at.  (1964)  discussed  the 
sensitivity  of  the  pigment  when  exposed  even  to  low 
oxygen  partial  pressure,  with  stability  obtained  only 
in  pure  nitrogen  at  0°F.  The  present  results  show  that 
complete  stability  can  be  obtained  at  37°C  in  air  by 
choosing  the  proper  moisture  content. 

Non-enzymatic  browning 

The  extent  of  non-enzymatic  browning  deterioration 
was  evaluated  by  determining  the  relative  amounts  of 
pigments  and  carbon  dioxide  produced  during  the  course 
of  the  reaction.  Because  the  data  was  obtained  from 
analyses  performed  on  different  samples  and  homogeneity 
may  not  have  been  attained  during  their  preparation,  the 
variability  of  the  results  is  large. 

Production  of  brown  pigments.  The  results  of 


determinations  performed  on  aqueous  extracts  of  similar 
quantities  of  freeze-dried  material  are  presented  as 
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OD  x  100  versus  time  in  Figs.  7  and  8  for  2-g  samples. 

It  can  be  seen  that  the  rate  of  production  of  pigments 
was  a  function  of  the  amount  of  water  in  the  material 
studied,  except  in  the  case  of  the  dry  sample  (run  2, 

Fig.  7)  where  a  secondary  reaction  presumably  complicated 
the  mechanism.  It  is  obvious  that  2  types  of  browning 
took  place:  one  in  which  the  residual  free  reducing 
sugars  present  in  the  freeze-dehydrated  product 
participated  in  reactions  with  the  am  no  groups  of  the 
protein  and  one  in  which  the  decomposition  products  of 
oxidized  lipid  probably  reacted  with  the  amino  groups 
of  the  protein.  / 

According  to  Jones  (1962)  glucose,  ribose,  and 
phosphorylated  hexoses  are  the  most  important  compounds 
responsible  for  sugar-amino  reactions  in  dried  fish 
products.  The  significance  of  the  relative  amounts 
of  free  reducing  sugars  varies,  depending  upon  many 
factors  including  physiological  conditions  and  processing 
variables. 

The  curves  obtained  for  the  samples  equilibrated 
at  11,  32,  and  40%  RH  are  characteristic  of  a 
non-enzymatic  browning  process  taking  place  in  a 
system  where  the  concentration  of  reducing  sugars 
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has  become  limiting  after  a  certain  reaction  time. 

Also,  it  is  clear  that  the  rates  are  proportional  to 
the  amount  of  water  available  for  the  transport  of  the 
reactants  in  solution.  Since  the  rate  of  oxidation  of 
the  samples  was  very  slow  at  this  time,  the  observed 
browning  probably  occurs  via  an  interaction  of  free 
reducing  sugars  and  amino  groups  of  the  protein. 

The  sudden  increase  in  the  rate  of  browning 
exhibited  by  the  dry  samples  (Fig.  7)  can  be  explained 
on  the  basis  of  the  reaction  of  protein  end  groups  with 
products  of  oxidation.  After  200  hr  of  storage,  pigments 
were  produced  at  a  very  high  rate  in  the  sample  being 
oxidized.  This  indicated  that  the  decomposition  products 
of  oxidized  lipids,  probably  aldehydes  and  ketones,  may 
be  responsible  for  the  initiation  of  non-enzymatic 
browning  reactions  at  levels  of  moisture  near  dryness. 

Since  samples  equilibrated  at  11  and  32%  RH  oxidized 
very  slowly,  the  concentration  of  lipid  degradation 
products  present  throughout  the  storage  period  should 
also  be  very  small.  Therefore,  at  these  levels  of 
moisture  content  the  browning  reaction  was  carried  out 
primarily  by  a  sugar-amino  mechanism.  As  was  also  found 
in  the  work  reported  here,  Tarr  et  al.  (1965)  concluded 
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that  browning  at  moisture  contents  near  dryness  was  due 
mainly  to  the  interaction  of  very  reactive  sugars  and 
products  of  lipid  oxidative  reactions  with  the  amino 
groups  of  the  protein.  Results  of  GLC  head-space 
determinations  are  presented  as  percent  carbon  dioxide 
in  head  space  versus  time  in  Fig.  9.  The  data 
represented  in  this  figure  show  that  the  evolution 
of  carbon  dioxide  paralleled  the  production  of 
pigments,  indicating  that  carbon  dioxide  is  produced 
during  browning  and  is  probably  produced  through 
Strecker  degradation. 

Kinetics  of  deterioration  ’ 

Effect  of  humidification  on  the  rate  of  lipid 
oxidation  of  freeze-dried  salmon.  Examination  of  the 
oxygen  absorption  curves  in  Figs.  2  and  3  indicates 
that  one  of  the  effects  of  water  is  a  reduction  of  the 
relative  amounts  of  oxygen  absorbed.  To  elucidate  the 
actual  mechanism  for  this  protective  effect,  the  results 
were  recalculated  on  the  basis  of  oxidizable  lipid.  It 
has  been  demonstrated  (Lundberg,  1962)  that  the  rate  of 
oxidation  of  fatty  acids  containing  less  than  18  carbon 
atoms  and  less  than  2  double  bonds  is  negligible  compared 
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to  that  of  linoleic  acid. 

In  Table  2  the  results  of  the  fatty  acid  analysis 
performed  on  freeze-dried  salmon  are  compared  with  the 
results  obtained  by  other  investigators.  It  can  be  seen 
that  the  amount  of  linolenic  acid  is  negligible,  and,  in 
consequence,  it  is  reasonable  to  assume  that  linoleic 
acid  is  the  main  fatty  acid  responsible  for  the  observed 
oxygen  uptake.  The  other  fatty  acids  found  were  either 
non-oxidizable  or  were  found  only  in  trace  amounts. 

If  every  oxygen  molecule  reacts  with  1  molecule  of 
linoleic  acid  to  yield  a  linoleic  acid  hydroperoxide, 
and  if  the  concentration  of  linoleic  acid  is  large  enough 
to  be  considered  constant  throughout  the  oxidative  period, 
then  the  plot  of  the  square  root  of  the  oxygen  absorbed 
per  gram  of  linoleic  acid  versus  time  will  be  a  straight 
line  whose  slope  is  a  measure  of  the  monomolecular  rate 
constant  (Maloney  et  al. ,  1966).  A  monomolecular  rate 
plot  for  run  2  is  presented  in  Fig.  10. 

With  the  model  system  previously  discussed,  the 

a 

reaction  proceeds  by  a  monomolecular  decomposition  of 
the  hydroperoxides  until  a  value  corresponding  to 
approximately  2 5 (pi  02  absorbed  per  gram  lipid) **  is 
reached;  the  change  in  slope  obtained  afterwards  indicates 
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that  the  bimolecular  phase  of  oxidation  is  taking  place 
with  the  breakpoint  increasing  with  moisture  contei. 

(Karel  et  at.  ,  1967)  .  The  data  obtained  for  the  salmon 
demonstrates  the  following  3  points. 

Since  no  upward  breakpoint  exists,  the  oxidation 
of  the  lipids  of  freeze-dried  salmon  does  not  enter  into 
the  rapid  bimolecular  decomposition  phase.  This  result 
is  reasonable  since  in  complex  materials,  such  as  foods, 
peroxides  formed  have  less  opportunity  to  reach  each 
other  and  to  decompose  bimolecular ly. 

The  data  do  not  fit  into  a  straight  line  very  well. 
The  reason  for  this  is  that  the  amount  of  oxidizable 
lipid  (linoleic)  may  not  be  constant  throughout  the 
observation  period;  however,  it  could  become  limiting 
after  a  certain  reaction  time,  thus  causing  the 
monomolecular  rate  plot  to  curve  downward.  The  results 
are  based  on  a  lipid  composition  taken  from  a  single 
fish;  because  of  reasons  mentioned  previously,  the  true 
value  may  vary  considerably. 

Since  some  browning  occurred  with  increased  moisture 
content  in  the  salmon,  end  products  of  browning  may  be 
responsible  for  the  decrease  in  rate  through  an 
anti-oxidant  mechanism. 
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Monomolecular  rate  constants  obtained  for  the 
salmon  and  for  the  model  system  are  compared  in  Table  3, 
which  shows  that  the  effect  of  moisture  was  exerted  by  a 
lowering  of  the  monomole cular  rate  constants.  This 
indicates  the  possible  occurrence  of  hydrogen  bonding 
of  hydroperoxides  by  water,  thereby  preventing  their 
entering  into  initiation  reactions,  and  of  inactivation 
of  metal  catalysts  by  water.  These  results  are  in 
agreement  with  the  work  of  Maloney  et  al.  (1966)  and 
Labuza  et  al.  (1966) . 

Effect  of  humidification  on  the  rate  of  astacene 
deterioration.  According  to  Lusk  et  al.  (1964)  the 
pigment  astacene  is  extremely  sensitive  to  oxidation 
even  at  very  low  oxygen  pressures;  therefore,  if  the 
concentration  of  oxygen  is  not  limiting,  a  first-order 
mechanism  can  be  proposed  with  the  rate  of  the  reaction 
at  any  instant  proportional  to  the  concentration  of 
substrate  left.  Thus, 

in—  =  -K  0 
Ao 

where  Ao  is  the  initial  amount  of  pigment; 

A  is  the  amount  present  at  time,  0; 

K  is  the  first-order  constant  for  the  reaction;  and 


0  is  time. 
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A 

In  consequence,  a  plot  of  ln^j  versus  0  will  be 
a  straight  line  whose  slope  is  a  measure  of  K.  This 
same  analysis  has  been  applied  by  Falconer  et  al. 

(1964)  in  a  study  of  the  oxidation  of  carotene  in 
dehydrated  carrot. 

The  first-order  rate  plot  for  the  salmon  is 
presented  in  Fig.  11,  and  the  numerical  values  for 
the  constants  obtained  as  a  function  of  different 
humidification  treatments  are  presented  in  Table  4. 

From  this  data  it  is  possible  to  conclude  the  following. 

Water  exerted  a  marked  effect  by  lowering  the 
rate  of  deterioration  of  astacene. 

The  protective  effect  of  moisture  was  manifested 
continuously  from  the  multilayer  region  to  the  dry  state. 
The  actual  manner  by  which  water  protects  astacene  from 
oxidation  cannot  be  truly  elucidated.  Since  the  data 
nearly  fits  into  a  straight  line,  demonstrating  that  the 
concentration  of  oxygen  is  not  limiting,  the  theory 
proposed  by  Halton  et  al.  (7937)  and  by  Salwin  (1962), 
in  the  sense  that  water  forms  a  protective  film  excluding 
oxygen  from  the  surface,  cannot  be  of  significance. 
However,  there  are  2  mechanisms  which  can  be  operative 
in  the  system  studied.  The  oxidative  reaction  is  probably 
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affected  by  metal  catalysis,  and  water  hydrates  metals, 
thus  rendering  them  inactive.  Secondly^  although  it 
followed  this  type  of  plot  over  the  range  studied,  the 
reaction  may  not  be  a  real  first-order  one.  If  the 
reaction  obeys  a  free  radical  mechanism,  then,  as  in  the 
case  of  lipids,  the  effect  of  water  on  the  oxidative 
deterioration  would  be  exerted. 

Effect  of  humidification  on  the  rate  of  non-enzymatic 
browning .  According  to  Ellis  (1959)  the  amount  of  pigment 
formed  during  non-enzymatic  browning  reactions  is  directly 
proportional  to  the  square  of  time  elapsed  and  to  the 
concentration  of  reactants.  Thus, 

browning  pigment  =  K(A)2(S)02 

where  A  is  the  concentration  of  amino  acid  end  groups; 

S  is  the  concentration  of  reducing  sugars; 

0  is  the  reaction  time;  and 
K  is  the  rate  constant. 

In  the  salmon  system  the  amount  of  amino  acid  end 
groups  is  large  and,  secondly,  the  carbonyl  compounds 
produced  during  the  oxidation  of  lipids  can  accomplish 
the  role  of  sugars  (in  addition  to  the  free  sugars  present) . 
Therefore,  the  above  equation  can  be  reduced  to 


DETERIORATION  OF  FREEZE-DRIED 
SALMON  AS  A  FUNCTION  OF  RH 


-24- 


OD420  =  K'(Y)e2 

where  OD420  the  concentration  of  pigment  formed,  and 
Y  is  the  total  quantity  of  reducing  substances 
capable  of  undergoing  the  reaction. 

A  plot  of  the  concentration  of  pigment  formed  (OD420) 
versus  the  square  of  the  time  elapsed  will  be  a  straight 
line  whose  slope  is  proportional  to  the  rate  of  the 
reaction  and  to  the  concentration  of  reducing  compounds 
available.  This  plot  is  presented  in  Fig.  12  for  run  3 
and  in  Fig.  13  for  run  2.  A  sudden  increase  in  the  slope 
is  attained  during  the  period  when  the  oxidation  of  the 
more  reactive  lipids  probably  takes  place.  This  fact 
supports  the  observation  made  in  the  present  study  by 
showing  that  products  of  the  autoxidation  reaction  of 
lipids  probably  interact  with  the  amino  groups  of  the 
protein  to  form  carbon  dioxide  and  browning  pigments. 

In  addition,  at  the  end  of  the  period  where  the  rate  of 
lipid  oxidation  was  rapid  the  sudden  rise  in  browning 
pigments  stopped.  This  could  be  explained  by  the  dual 
role  of  oxidation  and  browning  as  a  function  of  moisture 
content.  The  water  promoted  browning  which  produced 
anti-oxidants,  thus  causing  the  rapid  oxidation  period 


to  cease. 
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CONCLUSIONS 


In  the  storage  of  dehydrated  food  the  equilibrium 
relative  humidity  of  the  final  product  will  largely 
determine  the  storage  life  of  a  food.  In  a  product 
such  as  salmon  a  balance  must  be  achieved  among  the 
various  deteriorative  reactions  in  order  to  predict 
the  maximum  storage  life.  Since  it  has  been  shown 
that,  even  below  the  monolayer,  water  exerts  a  distinct 
effect,  the  use  of  the  monolayer  value  as  the  optimum 
condition  may  not  be  desirable.  In  this  study  it  was 
found  that  at  32%  RH  the  salmon  showed  the  best  over-all 
stability.  This  is  in  excess  of  the  monolayer  and  far 
in  excess  of  the  recommended  2%  moisture  content  maximum 
for  most  dehydrated  foods. 
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Table  2.  Fatty  acid  composition  of  freeze-dried  salmon. 


Total  lipid 

Saddler  et  at. 

US  DA 

Fatty  acid 

(%  by  wt) 

(1966) 

(1963) 

Laurie 

trace 

Myristic 

0.52 

Palmitic 

2.6 

Stearic 

0.61 

Oleic 

0.26 

Linoleic 

4.8 

11.7 

1.4 

Linolenic 

0.17 

1.0 

— 

Arachidic 

0.60 

1 
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Table  3.  Monomolecular  rate  constants  for  freeze-dried  salmon. 

([yl  02/g  linoleate]^  per  hr) 


Samples 

Dry 

<  0.1%  RH 

Below 

monolayer 

-  11%  RH 

Above  monolayer 

-  32%  RH 

*  40%  RH 

Model  system3 

0.47 

0.30 

— 

«— 

0.94 

— 

0.66 

— 

1.23 

— 

— 

1.0 

Salmon:  Run  2 

0.54 

0.38 

0.24 

— 

Run  3 

0.5 

0.5 

0.43 

0.36 

3  Data  taken 

from  Karel 

et  at. ,  1967. 
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Table  4.  Astacene  pigment  rate  constant. 

(hr"1) 


Below 

Above  monolayer 

Dry 

monolayer 

<  0.1%  RH 

11%  RH 

32%  RH 

40%  RH 

Run  2 

1.1  x  10-3 

0.9  x  10"3 

0.6  x  10"3 

■_ 

Run  3 

1.1  x  10“3 

1.0  x  10“3 

0.5  x  10"3 

0.1  x  10~3 

MOISTURE  CONTENT  (  OR.  H  O  /  IOO  GR.  SOLIDS) 


FIGURE  2 
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AOST|4odel  systems  similar  in  composition  to  three  types  of  freeze-dried  foods  were 
ieveloped  and  used  in  studies  on  the  effects  of  composition  on  the  rates  of  deteriora¬ 
te  reactions  at  55°^.  Oxidation  of  lipids  was  found  to  proceed  most  rapidly  at  low 
*ater  contents,  while  non-enzymatic  browning  and  oxidation  of  proteins  was  more 
ipid  at  elevated  water  contents .  Antioxidants  and  chelating  agents  had  only  a  limited 
ffectiveness  which  was  also  dependent  on  moisture  content.  During  studies  on 
ehydrated  systems  it  was  observed  that  hydrolysis  of  sucrose  can  occur  even  at  low 
rater  contents  and  that  the  reducing  sugars  produced  in  the  hydrolysis  undergo  con- 
iderable  browning.  Moisture  contents  corresponding  to  monolayer  coverage  by 
■rater  were  generally  optimal  in  minimizing  deteriorative  changes. 

* 

Studies  on  actual  foods  were  limited  to  a  3-week  storage  study  at  55/c.  At  this 
datively  high  temperature  non-enzymatic  browning  was  found  to  be  the  cause  of 
'terioration.  Under  these  conditions  none  of  the  foods  were  found  to  be  satisfactory 
er  storage,  and  oxidative  changes  were  less  important  than  browning.  Consequently 
l  over-all  quality  of  materials  packaged  under  vacuum  showed  no  improvement  over 
\  of  materials  packaged  in  air.  Moisture  content  did  have  a  significant  effect, 

\  high  water  contents  resulting  in  more  extensive  deterioration.  j 
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